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Abtract:

The design of organic polymers as active mediums for nonlinear optics has attracted
much attention because their nature of versatility in synthetic chemistry and in
fabrication. A series of new side chain polymers were synthesized ad characterized for
the second and third order NLO applications. Linear copolymers containing rnaleic
anhydride as an active functional group on the main chain were prepared in this work.
The maleic anhydride group reacts, by ring opening esterification with an appropriate
alcohol containing an NLO functionality. These copolymers were also found to be
suitable for branching or crosslinking reactions with aco-diols. A series of substituted

silicon and aluminum phthalocyanines has been synthesized to study their third order

nonlinear responses. A nitro/amino substituted aluminum phthalocyanine has been made
along with mixtures of benzo substituted silicon phthalocyanines. A synthetic route has
been investigated to directly give donor acceptor phthalocyanines. To increase
mechanical property of phthalocyanine compounds, copolymers with MMA have been
synthesized and characterized. All of the copolymers show excellent film forming

characteristics.

Picosecond degenerate four wave mixing was used to study the third order nonliner
optical properties a number of NLO polymers. These polymers include silicon
phthalocyanine and naphthalocyanine copolymers. 3 and 5 ring pendant side chain

copolymers, and HCC side chain NLO copolymers. The 5-ring pendant copolymer
shows both the highest nonlinearity (,X(3l| = 3 x 10"1 esu) and the highest value of

XINz for this group of materials. Resonant • values as large as 2.6 x 0-1° esu

were observed for silicon phthalocyanine copolymers with 6 mole percent active

chromophore.

It was demonstrated that silicon phthalocyanine/MMA copolymer could be used as an
active material in the vertically integrated directional coupler. The waveguide
experiment indicates that relatively low loss waveguiding and coupling between the
upper and the bottom wavegu ides can be achieved. The various fabrication techniques of
thin film devices were discussed. In order to get defect-free films from the spin coating

process, the effects of solvent nature, spinning parameters, and drying conditions on film

quality have to be understood. The use of the nonionic long chain surfactant eliminates
most of coatings problems and the plasma protection layer could prevent the problem of

solvent stress cracking,
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STATEMENT OF WORK FOR AFOSR

(1) Design, synthesize, and evaluate new molecules as J2) candidates and
incorporate the most promising materials into high activity polymers.

(2) Characterize these new macromolecules for second order activity using
optical and electro-optical methods.

(3) Synthesize and characterize new and novel small molecules and
oligomers/polymers based on the metallated macrocycle family (which
includes porphyrins, phthalocyanines, and naphthalocyanines).

(4) Evaluate these materials and other candidates for third order
applications using optical methods (including picosecond optical Kerr
and degenerate four wave mixing measurements). Other candidates will
include polymers synthesized primarily for r(2) applications and
materials obtained from other AFOSR contractors.

(5) Fabricate NLO materials (e.g. J2) polymers and J(3) small
molecules/oligomers/polymers) into forms suitable for device
development. Examples of these fabrication techniques include spin
coating and molding into acceptable structures for evaluation and device
construction.
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I. INTRODUCTION

Interest in nonlinear optics has grown tremendously in recent years because

developments in the field of nonlinear optics hold promise for important applications in

optical information processing, telecommunications, and integrated optics. Organic

materials possess many criticail attributes for nonlinear optical (NLO) applications. These

attributes include large nonresonant susceptibilities, fast response times, and low dielectric
constants. Because of their unique chemical structures of xr bondings, organic molecules

exhibit the largest nonresonant optical nonlinearities. These large nonlinearities have been

traced to efficient charge reorganization between the electronic states in the x-electron

system of their molecular constituents. Fo," inorganic systems, important higher order

NLO effects, such as a third order effect, are resonant. Thus, heat dissipation tends to limit

the cycle time of devices derived from these materials. For many device applications, such

as in all optical signal processing, the NLO response time is an important consideration.

The dielectric constants of organic materials are considerably lower than those of inorganic

crystals. This feature also has important implications for electrooptic devices in which a

low frequency ac field is used to modulate the refractive index.

Another advantage of organic compounds in the NLO applications is their endless

synthetic possibility and the understanding on the relationship between te molecular
arrangement in crystals and the operation of NLO devices. However, organic crystals have

not yet found widespread utility in integrated optics and waveguide optics mainly because
of the difficulty of growing large, high quality single crystals with the required

processability, mechanical integrity, and ambient stability. Recently, it has been recognized

that, in addition to synthetic flexibility, a wide variety of fabrication techniques are available

for organic polymeric materials. Polymeric systems offer mechanical, chemical, and

thermal robustness, adhesion to a variety of materials, processability into films, fibers,

waveguides, and large area structures, integration with electronics and optical sources and

detectors, and low cost. In polymer films, NLO molecules can either be doped in the

polymer matrix or be covalently bonded the polymer backbone. The necessary polar

alignment is then induced by poling the films in electric fields above the glass transition

temperature and subsequently cooling down and freezing in the non-centrosymmetrical

order below the glass transition temperature.



The majority of the research and development effort at the Hooehsi Celanrle
Corporation (HCC) in nonlinear optics has been directed toward second order nonhneaw

optical materials and devices. This is natural since the rnajonry of near to meiumn tern

applications of nonlinear optics arm in tis area, which includes electro-optic devvw-c5 of all
kinds and parametric frequency conversion devices. In this project, m aduon to the

development of second order NLO polymers, third order NLO polymers have been

investigated by presenting sevenrl simple design rules that may help in the atfaimrnt of
materials with large z'~s as well as desirable secondary properties

There have been a number of reports in the literature on the Xh Y activity of

phthalocyanine derivatives that show relatively high third order NLO respons.b These
molecules are planar x-conjugated systems that have sharp absorption bands In the visible

and near infrared, and exhibit excellent thermal and chemical stAbility. H -wever, the

development of all optical waveguide devices has still suffered from the lack of highly
active materials wtsch can be easily processed. It is deirable to develop materials
containing these types Jf phthalocyanine derivatives that show high N.O activity as well as

processability. In this report we present the synthesis of silicon ptthalocyanine udc chain
copolymers and the device design which is aimed at producing an all optical switch.

The ptimary objectives of this project are synthesis and characterization of ner

NLO polymers for the second oTder applications; synthesis of novel NLO polymers based

on metallated macrocycles; characterizations of these NLO polymers for third order
applications; fabrication and evaluation of waveguide devices. In chapter II. a series of

linear copolymers containing maleic anhydride as the active functional group on the main
chain was prepared to explore the possibility of grafting side chain chrorophort units onto

a preformed polymer backbone. The second order NLO activity of the copoly-ri-s was

studied using the electrooptic method. A series of substituted silicon and aluminum

phthalocyanines was ;pepared in order to investigate their second and third order nonlinear

responses (chapter III). A general synthetic route to a series of phthalocyznine
methyimethacrylate copolymers was developed and the physical and optical properties of
these copolymers were characterized. A number of NLO polymers were characterized for
third order responses by a technique of the degenerate four wave mixing (chapter IV).
These polymers include silicon phthalocyanine and naphthalocyanine copolymers, 3 and 5

ring pendant side chain copolymers, and HCC side chain NLO copolymers. Device
designs and evaluation based on the silicon phthalocyanine copolymers in a vertically

2



integratod waveguide are discussed in the chapter V whore the device fabricaton echniques

for a waveguide of nuldlayer thin fils are explained-

External research and devvloptnent funds have been used to develop a direct

synthetic route to asyru-mnrcal donor acceptor phaudocyanines in the Laboratories of Prof

M. Kenney at the Case Western Reserve University. Prof. M. G. Kuzyk at the
Washington State University produced nonlinear optical fibers using guesL'host doping of

various dyes in PMMA. The details of these works amt included as appendices.
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II. SYNTHESIS AND CHARACTERIZATION OF
NEW NLO POLYMERS

2.1 INTRODUCTION

The design of organic polymers as active mediums for nonlinear optics has recently
generated much interest, Side chain polymers, in which the active NLO chromophore is a
pendant group to the backbone have attracted much attention because their nature combined
with the versatility of synthetic chemistry can be used to alter and optimize molecular
structure to maximize nonlinear responses and other properties. Other benefits associated
with molecular systems derive from the fabrication methods that are available or under
development for buMiling thin film structures.

A series of linear copolymers containing maleic anhydride as the active functional
group on the main chain were prepared to find out the possibility of grafting side chain
chromophore units onto a preformed polymer backbone. It was proposed that
incorporation of side chain units could be accomplished by a direct ring opening
esterification reaction with R chromophore containing alcohol. In order to ensure a non-
electrolytic final polymer, a further esterification reaction on the generated carboxylic acid
group was carried out.

Such a reaction scheme may be beneficial for several reasons. Chromophores
containing two or more competing vinyl groups may be incorporated by this method into a
linear side chain polymer without the complication of crosslinking. Also, the increased
chain transfer effects of the nitrobenzene containing monomers, which lowers polymer
molecular weight, are circumvented. By correct choice of the starting molecular weight of
the polymer, a polymer of predictable molecular weight may be formed. Improvement of
the temporal stability of the poled state may be possible by crosslinking. This can be
carried out at any stage of the process (including after film formation) by reaction of excess
anhydride groups with a diol. The creation of polymer branch points may also improve
toughness. A variety of comonomers can be utilized to enhance or tailor a variety of
structural, mechanical, physical and optical properties. Among those investigated were
styrene and methyl and butyl vinyl ether. Details of the synthesis and physical
characterization results on monomers and copolymers were described in the previous
interim reports [1,21.
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2.2 SYNTHESIS OF MALEIC ANHYDRIDE COPOLYMERS

The synthetic strategy for diester maleic anhydride copolymers are shown in
Figures 2.1 and 2.2. The preparation of three alcohols containing NLO chromophores
shown in bottom of Figure 2.1 were reported in a previously report [1 ]. These alcohols
were then used to functionalize the maleic anhydride/styrene copolymers by a ring opening
esteifwcation reaction as shown in Figure 2.1.

DMAP was used as a nucleophilic catalyst and formed the intermediate amide salt

which was displaced by the alcohol. It was necessary to wash the final polymer with acetic
acid to remove the catalyst as it was thought to form some kind of complex with the free
acrylic acid unit. For this reason also, a molar equivalent of the catalyst was needed.
Incorporation percentages were found to be dependent on solvent, temperature and
molecular weight of starting polymer. Trifluoroacetic acid was also used as a fugitive acid
catalyst, which could be removed either by distillation or reprecipitation of the polymer.
This method was necessary when functionalizing polymers containing vinyl ether

comonomers. In all cases, care was taken to ensure that the reactions were carried out

under anhydrous conditions.

An alternative functionalization procedure was used to form the diesters (Figure
2.2). First, the styrene/maleic anhydride copolymer was monofunctionalized by ethanol to
give complete formation of the acid ester. The methacrylic acid unit was then treated with a
pyridinium salt which acts as a dehydrating agent. The mechanism involves the formation

of an intermediate pyridiniurn ester which, by nucleophilic substitution with the stilbene
alcohol, forms the polymer diester and a pyridone. As the pyridone is a good leaving
group, the forward reaction proceeds smoothly.

In order to toughen the films, the polymer was crosslinked by using long chain
alcohol molecules. This was achieved by reacting one owm-diol with approximately two

polymer chains as shown in Figure 2.3. The products from the reaction with both hexane-
1,6-diol and bisphenol A were insoluble gels and it was assumed that the polymer had, in
effect, crosslinked. On increasing the diol chain length to the extent of poly(THF) (MW =

650 g/mol), a soluble branched polymer was produced. The reaction was carried out either
neat, or in THF without addition of any catalyst.

5
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2.3 RESULTS AND DISCUSSION

In all cases, polymerization of maleic anhydride and comonomers such as butyl

vinyl ether and styrene resulted in high molecular weight polymer. Introduction of a slight

excess of the anhydride in the feed ratio ensured synthesis of an alternating copolymer.

The results show that it was possible to functionalize to a respectable degree, maleic
anhydride copolymers. Solvation of the polymer was a key issue and use of a solvent

which can extend the polymer chain was essential. This allowed greater access into the

active anhydride sites by the nucleophiles. In this work. DMAP was recognized as a better

catalyst than trifluoroacetic acid. The use of 2-chloro-l-methylpyridinium iodide as a
dehydrating agent was also successful. This scheme produced a more soluble diesterified

polymer.

Functionalization of the high molecular weight copolymers was also successful.

Incorporation levels were generally lower due to high solution viscosity and steric

entanglement effects. However the resultant polymer was of such high molecular weight

that it formed a gel which proved to be unprocessable. On esterification of the anhydride

unit, the backbone became inherently more flexible, resulting in a lower glass transition.

However the introduction of bulky stilbene groups counteracts this by hindering movement

and Tg is raised. Most glass transitions were in the range 130-150 oC.

Experiments to investigate the effect of branching the copolymers revealed some
interesting preliminary data. It was shown that even for the minimum case of one branch
point per chain (one diol per two chain lengths), short diol units produced crosslinked-like

material. It was necessary to increase the diol link group length substantially and
poly(THF) proved suitable. The resultant polymer was soluble with a lower Tg due to

plasticizing effects.

A major cause of concern in this work has been the poor quality of NLO films

obtained from the spin coating process. Mechanical failure due to solvent and thermal

induced cracking and lack of adhesion on a variety of substrates was evident for most
polymer samples. The theory of polymer mechanical property suggests that with an

increase of molecular weight, a corresponding improvement in both tensile strength and
toughness will result. This was investigated by synthesis of a range of polymer molecular

weight precursor samples from 1,800 to 500,000 average molecular weights. However,

on functionalization, the solution characteristics of the high molecular weight polymers

9



were such that a compromise in the solubility and the ease of f'ltration verses mechanical
properties was necessary. The molecular structure also played a significant role in both the
solution and bulk behavior. In general, as the concentration of free acid groups increased,

the chain hydrodynamic volume decreased resulting in lower solubility and poorer
viscosity. The acid group concentration also effected the bulk behavior in that both

brittleness and film tendency to crack increased. As a result, the synthetic effort in the
diester form was prioritized. Films prepared from initial batches of diesterified polymer
show promising improvements in the stress resistance, resulting in fewer cracks. Also,

conductivity during poling was lower, which was probably due to a decrease in transient

ions scavenged by the carboxylic acid group.

10



24 SECOND ORDER NLO ACTIITY

For the purposes of characterizing electro-optic properties of these matterials, thinx

films (approximate thicknesses of 1-2 nun) were prepared by the spin-coating technique on
indium-tin-oxide (MTO) coated glass slides. The ITO serves as one electrode of our test cell.
Our first action is to deposit 1500A of gold to act as the other electrode. This gold
electrode is thermally deposited in an oblong shape of dimensions 10 nun by 3 mm. After
attaching very fine wires to both electrodes, orientation of the NLO moiety was carried out
through electrical poling. The poling process was carried out by applying a DC electric
field across the electrodes while the material is held at a controlled tem a which is
slightly above its glass transition temperature (Tg). For the initial poling, the Tg based

upon data obtained from differential scanning calorimetry (DSC) was used as the poling
temperature. It was found, however, that the Tg supplied by DSC is not always the

optimum temperature for poling therefore, after this initial poling, we ran a thermally
stimulated discharge (TSD) experiment. The TSD consists simply of heating the sample at
a very controlled ram while the current output from the poled area is monitoredn We then
plotted output current versus temperature and a plot similar to that in Figure 2.4 was
obtained. As we can see from the plot, there is a peak in the current around 140*C. It is
this peak which determines the optimum poling temperature. We then would normally

carry out a study to determine the electro-optic coefficient as a function of poling field. Due
to the poor quality of the films, we were only able to pole some samples at a single field
level, while other samples could not be poled at all (we experienced electrical breakdown as

soon as a field was applied).

The measurement of the electro-optic coefficient utilizes a measurement technique
in which a laser beam is directed through the glass substrate, passes through the film and is

mflected from the gold electrode. The polarization of the incident laser beam is set at 450 to
the plane of incidence causing the parallel and perpendicular components of the reflected
light to be equal in amplitude. The reflected beam is passed through a Soleil-Babinet

compensator, an analyzer, and into a detector. The modulation in the beam is measured

using a lock-in-amplifier. All maleic anhydride copolymer samples investigated show
rather low electro-optic properties. The coefficient found from the styrene/maleic
anhydride copolymers was about I pm/V when poled in a field of 50 volts/m at 140 OC.
These results may indicate that theme are problems with the NLO moieties themselves, in the
film fabrication, or in the poling processes.
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2.5 CONCLUSIONS

A new series of side chain NLO polymers, containing a maleic anhydride
copolymer backbone, were prepared in this work. The maleic anhydride group reacts, by
ring opening esterification with an appropriate alcohol containing an NLO functionality, to
form an acid ester. These copolymers were also found to be suitable for branching or
crosslinking reactions with a,o)-diols. On esterification of the anhydride unit, the
backbone became inherently more flexible, resulting in a lower glass transition. However,
the introduction of bulky stilbene groups counteracts this by hindering movement and Tg is
raised.

In all cases, polymerization of maleic anhydride and comonomers such as butyl
vinyl ether and styrene resulted in high molecular weight polymer. Introduction of a slight
excess of the anhydride in the feed ratio ensured synthesis of an alternating copolymer.
The results show that it was possible to functionalize these polymers to a respectable
degree. Solvation of the polymer was a key issue and use of a solvent which can chain
extend the backbone was essential. This allowed greater access into the active anhydride

sites by the nucleophiles.

Experiments to investigate the effect on branching the copolymers revealed some
interesting results. It was shown that even for the minimum case of one branch point per
chain (one diol per two chain lengths), short diol units produced crosslinked like material.
It was necessary to increase the diol link group length substantially and poly(THF) proved
suitable. The resultant polymer was soluble with a lower Tg due to plasticizing effects.

Initial electro-optic property measurements resulted in rather low activities. However, these
results could indicate that there were problems with the NLO moieties themselves, in the
film fabrication, or in the poling processes.

13



IIl. METALLATED MACROCYCLES

3.1 INTRODUCTION

Organic polymeric materials have received much attention for applications in
nonlinear optical devices. Most recent work has focused on the electro-optic applications
of glassy polymeric materials in optical waveguide devices whereas the development of all
optical waveguide devices has suffered from the lack of highly active materials which can
be easily processed (1-4]. There have been a number of reports in the literature ol tie e3)
activity of porphyrin derivatives, namely tetrabenzporphyrins, phthalocyanines and
naphthalocyanines, that show relatively high third order nonlinear optical responses. These
molecules are planar x-conjugated systems that have sharp absorption bands in the visible
and near infrared and exhibit excellent thermal and chemical stability. Most studies have
examined these dyes in solution (5-7], sublimed thin films [8,9] or in Langmuir Blodget
thin films [8,10]. Some silicon phthalocyanines have been made into siloxane copolymers
that show high third order susceptibilities [11,12]. It would be desirable to develop
materials containing these types of porphyrin derivatives that show high activity as well as
processability similar to those polymeric materials being developed for electro-optic

applications.

As reported in previous interim reports [1,21, a series of substituted silicon and
aluminum phthalocyanines has been prepared to study their second and thi d order
nonlinear responses. A nitro/amino substituted aluminum phthalocyanine was synthesized
along with mixtures of benzo substituted silicon phthalocyanines. The synthesis and
characterization of the benzo substituted silicon phthalocyanines showed that these
materials can be made in good yield and that the isomer content along with the major

absorption bands in the .car infrared can be controlled

To increase both the physical and mechanical properties of the phthalocyanine
compounds a general route to a series of phthalocyanine methylmethacrylate copolymers
was developed. These materials give good optical quality thin films by the technique of
spin coating which is necessary in the development of Z(3) waveguide devices. Analysis

of the optical properties of these films show that the absorption spectra in the solid state am
very sinilar to the solution spectra. This is due to the smaller amount of aggregation of the

dye molecules in the solid state as compared to a guest host polymer thin film. These films
also showed areas of low absorption between the Soret and Q bands and at wavelengths

14



longer than 750 nm which allows for the opportunity to develop devices at these

wavelengths. These copolymers also allow for a higher amount of the active material to be

incorporated into the film as compared to similar systems based on guest host polymer thin
films. This is due to the limited solubility of the dyes in both the spinning solvents as well

as the polymer matrix. The development of the side chain copolymers should increase the

amount of dye incorporation, the film forming properties, and the solubility of the

copolymers in common organic spinning solvents.

Here we present the chemistry and physical properties of a series of silicon

phthalocyanine methylmethacrylate copolyrmers prepared by the modification of the central

silicon atom. One advantage of this approach is the ease of application of this chemistry to

other macrocyclic systems as there are a number of known porphyrin macrocycles with

chelated silicon which could be potential X(3) materials. This advantage is demonstrated in

the synthesis of silicon naphthalocyanine methylmethacrylate copolymers similar to the

silicon phthalocyanine series.
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3.2 SYNTHESIS OF PHTHALOCYANINES

3.2.1 GuemIHost Phtbalocyanines

The synthetic approach outlined in the first interim reports gave mixtures of not

only isomers, but of the nature of the groups substituted. External research and

development funds was used to develop a direct route to asymnmetncaJ donor acceptor

phthalocyanines, in the laboratories of Dr. Malcolm E. Kenney of Case Western Reserve
University. He has developed a series of substited phthalocyanines which can be ,acted

with substituted or nonsubstituted 103-diiminoisoindolines to give a direct synthesis of
asymmetricaly substituted phthaiocyanines, Figure 3.1. A boron subphthalocyaunne can

be formed by the reaction of the appropriae 1.3-iiminosoindon,, . boron trichloride.

The material can then be reacted again with another I .1-dJwnoisoindolinc to give the
asymmetrical unmetallated phthalocyanine derivative, This is a direct route to

asymrnetically substituted phfthlocyanines '% hich can se u-ed to make donor acceptor
phthlsocyanines for elecuo-optic applications.

A synthesis of a highly organic soluble silicon phthalocyanine was carried out by

the modification of the central silicon atom. A group. bi oxyoctadecylsilane, which
would give the macrocycle high organic solvent solubility was chosen based on previous

experimental results. The synthesis of the axial substituted silicon phthalocyanine is shown
in Figure 3.2. Dihydroxysilicon phthalocyanine is reacted with octaiecyltrchlorosilane in
pyridine to give bis(dichlorooctadecylsiloxy)silicon phthalocyanine. The reaction mixture
is then reacted with methanol to give bis(dkoethoxyocadecylsiloxy)silicon pthtalocyaniae.

3.2.2 Silicon PhthalocyaninelMetbylmetbacryiate Copolymers

The synthesis of the diacrylate silicon phthalocyanine copolymers follows directly

from dichlorosilicon phthalocyanine (a) made in a template reaction with silicon
tetrachloride and 1,3-diiminoisoindoline, Figure 3.3. The dichloride is then treated with

sodimn octoxide to form the bisoctoxy silicon phthalocyanine (b) which then can be

purifieA by recrystallization. The octoxide is then hydrolyzed to dihydroxy silicon

phthalocyanine (c) which is then reacted with methacryloxypropyldinethylchlorosilane to
give the diacrylate monomer (d). The phthalocyanine monomer is then polymerized with
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methylmethacrylate in chlarobenzene using AIBN as the radical initiator. The copolymers

are then precipitated into methanol to give the final product

The synthesis of the monoacrylate silicon phthalocyanine copolymers also follows

directly from dichlorosilicon phthalocyanine (a), Figure 3.4. The dichloride is reacted with

tri-n-hexyl sodium silanolate to form bis(tri-n-hexylsiloxy) silicon phthalocyanine (e). One

group is then selectively hydrolyzed using trichloroacetic acid/toluene followed by

water/pyridine to form the hydroxy(tri-n-hexylsiloxy) derivative (f). The hydroxide is then

reacted with the functionalized silane to give the unsymmetrical monoacrylate silicon
phthalocyanine monomer (g). The monomer can then be polymerized under similar

conditions as the diacrylate monomer to give the copolyrmers.

3.2.3 Silicon Naphthalocyanine/Metbylmethacrylate Copolymers

The synthesis of the diacrylate silicon naphthalocyanine copolymers follows

directly from dichlorosilicon naphthalocyanine (h) made in a template reaction with silicon

tetrachloride and 1,3-diiminobenz(t)isoindoline, Figure 3.5. This procedure is identical to

the procedure developed for the silicon phthalocyanine series. The dichloride is then

treated with sodium octoxide to form the bisoctoxy silicon naphthalocyanine (i) which then

can be recrystalized. The octoxide is then hydrolyzed using HCI/toluene to dihydroxy

silicon naphthalocyanine (j) which is then reacted with methacryloxypropyl-

dimethylchlorosilane to give the diacrylate silicon naphthalocyanine monomer (k). The

monomer can then be polymerized under similar conditions as the diacrylate silicon
phthalocyanine monomer to give copolymers, however, dry distilled pyridine is used as the

solvent.
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3.3 CHARACTERIZATION

3.3.1 UV-Vis Spectroscopy

Previously we have reported on the characterization and evaluation of a number of

silicon phthalocyanine and naphthalocyanine methylmethacrylate copolymers [1,2]. In

guest host structures in PMMA, a limited solubility of the guest chromophores in polymer

matrix was observed when fabricated by a solution spin coating. As reported in the
previous report, the broadening of the strong Q-Band in the UV-Vis specura (Figure 3.6)
was observed with increasing dye concentration from 5 to 10 percent. The data suggest

that guest host systems can not retain sharp absorption bands due to intermolecular

association. This broadening may effect both the optical damage and the optical clarity at
the desired wavelengths for waveguide devices at 1.06 or 1.3 jim. Covalent bonding of
the chromophore should eliminate crystallite formation which causes these effects and give
materials with higher concentrations of the active chromophore without significant spectral

broadening.

In silicon phthalocyanine methylmethacrylate copolymers, the UV-Vis spectra of

thin films show a slight shift and broadening of the strong Q-band with increasing

phthalocyanine concentration, Figure 3.7. This is due to increased intermolecular
interactions at higher concentrations. Solution spectra of the monomer in ethyl acetate
shows a band maximum at 670 nm and a FWHM value of 12 nm. All of the copolymers at
concentrations of 20 % by weight and below show no effect on the band position and

FWHM for both the diacrylate or monoacrylate copolymers.

3.3.2 Thermal Characterization

The analysis of the copolymers by differential scanning calorimetry (DSC) has

shown that for the diacrylate silicon phthalocyanine/MMA and silicon
naphthalocyanine/MMA copolymers, of up to 10% by weight, the glass transition
mperatures are only slightly higher than that seen for polymethylmethacrylate (105 0C),

Table 3.1. There is little or no effect of molecular weight or dye concentration on the glass

transition temperature which is due to the relatively low amount of chromophore (<1 mole
percent) in these systems. DSC analysis of the monomethacrylate silicon
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Fig=ur 3.7. UV-Vis-NIR spectra of various concentradons of silicon phthalocyanine

methylmethacrylaw copolymers.

25



phthalocyanine/MMA copolymers of as high as 56% by weight have shown that at
concentrations of -30% or lower, the glass transition occurs at temperatures much lower
than that seen for PMMA with no other transitions. With concentrations of higher than
-30%, a glass transition and a melting transition is seen, Table 3.2. The DSC trace of the
56% by weight SiPc/MMA copolymer is seen in Figure 3.8. The second scan in the
copolymers that initially show melting transitions only show glass transitions. This
suggests that the copolymers become amorphous after being heated to temperatures above
the melting transition and then cooled. As the concentration of the active chromophore
increases, the amount of polymer crystallinity increases which effects both the linear
absorption spectrum and the nonlinear response. Linear absorption effects appear, as
reported earlier, as inhomogeneous line broadening and shifting of the large Q-band
absorption at 680 nm with increased tailing of the band into the near infrared. The
nonlinear response effects are seen with a nonlinear increase of XM, with increasing
concentrations of the active chromoptic e. This has been explained by exciton-exciton
interactions which is consistent %Wt'. an increase in molecular association caused by the
increased crystallinity in the hig~ier concentrition copolymers.
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Table 3.1

Silicon Pbthalocyanine Bismethacrylate Copolymer Data

Composition' Ts Molecular Mw/Mn

(NMR) (OC) Weight

2:98 121 41,000 1.8

6:94 124 166,000 4.8

6:94 112 192,000 4.5

11:89 129 307,000 10.4

9:91 117 99,000 5.1
composition Silk Monomer:MMA monomer = weight %.

Table 3.2

Silicon Phthalocyanine Monomethacrylate Copolymer Data

Composition' T3  Tz Molecular Mw/M.

(NMR) (OC) (oC) Weight

11:89 92 - 21,000 1.3

15:85 94 - 32,000 1.7

16:84 98 - 31,000 1.6

18:82 87 - 24,000 1.4

25:75 73 - 20,000 1.2

40:60 82 190 25,000 1.4

56:44 100 180 25,000 1.4
composition SiPc Monomer:MMA monomer as weight %.
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3.3.3 Structural Analysis by X-ray and Infrared Spectroscopy

In order to investigate further the structure of the monomethacrylate silicon
phthalocyanine copolymer systems, x-ray powder diffraction was performed on a series of
copolymers and polymethylrnethacrylate (PMMA). A sample of PMMA (Aldrich, very
high molecular weight) and samples of the 18%, 40% and 56% by weight SiPc/MMA
copolymers were scanned using a copper Ka source from 5 to 60 degrees 20. The results
are shown in Figure 3.9. PMMA appears amorphous with two broad bands at 6.46 A and
3.00 A, Table 3.3. The 18% by weight SiPc/MMA copolymer shows a similar amorphous
pattern with only a slight shift in the largest band, the inter-chain distance, from 6.46 A to
5.86 A. As the concentration of the silicon phthalocyanine increases to 40 and 56 percent.
the pattern changes significantly showing a increase in crystallinity. A new band appears at
10.04 A in both samples which becomes more intense in the 56 percent copolymer. The
large band shifts even further to 4.93 A indicating that the amorphons component is more
tightly bound. Estimation of the crystallinity based on the integrated area of the crystalline
and amorphous peaks gives approximately 10 percent for the 40% SiPc/MMA copolymer
and approximately 19 percent for the 56% SiPc/MMA copolymer.

Table 3.3

Silicon Phthalocyanine Monometbacrylate Copolymer
X-ray Powder Diffraction Data

Monomer Composition' Spacing Spacing Spacing

(NMR) (A) (A) (A)

PMMA - 6.46 3.00

monomethacrylate 18:82 - 5.86 3.00
monornethacrylate 40:60 10.04 4.93 3.00
monomethacrylat 56:44 10.04 4.93 3.00

compostion Silc Monomer:MMA monomer u weight %.
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Analysis of a series of silicon phthalocyanine copolyrmers was done to determine

the effects of the polymer structure on the infrared absorption spectum. The FT-infrared

absorption spectra of the 18, 40, and 56 percent by weight SiPc/MMA copolymers as

Nujol mulls are shown in Figure 3.10. The spectra show clearly the increase in intensity of

the silicon phthalocyanine bands at 1612 (aromatic C-C), 1123, 1077. 1040 (Si-O-Si),

910, and 741 cm-I with increasing chrornophore content. The presence Si-O-Si band

confirms the NMR data which shows no cleavage of the axial ligands in the synthesis of

these systems. Significant narrowing of the carbonyl band at 1732 cin 1 and the

polymethylmethacrylate bands at 1447, 1243 and 1150 cmnr also occur. This is consistent

with the increase in crystallinity of these copolymers.
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3.4 CONCLUSIONS

A series of substituted silicon and aluminum phthalocyanines has been made to

study their third order nonlinear responses [1,21. A nitrolamino substituted aluminum

phthalocyanine has been prepared along with mixtures of benzo substituted silicon

phthalocyanines. The synthesis and characterization of the benzo substituted silicon

phthalocyanines has shown that these materials can be prepared in good yield and that the

isomer content along with the major absorption bands in the near infrared can be controlled.

To improve both the physical and mechanical properties of the phthalocyanine

compounds a general route to a series of phthalocyanine methylmethacrylate copolymers

was developed. These materials give good optical quality thin fdlms by the technique of

spin coating which is necessary in the development of X(3) waveguide devices. Analysis

of the optical properties of these films show that the absorption spectra in the solid state are

very similar to the solution spectra. This is due to the smaller amount of aggregation of the

dye molecules in the solid state as compared to a guest host polymer thin film These films

also show areas of low absorption between the Soret and Q bands and at wavelengths

longer than 750 nm which allows for the opportunity to develop devices at these

wavelengths. These copolymers also allow for a higher amount of the active material to be

incorporated into the film as compared to similar systems based on guest host polymer thin

films. This is due to the limited solubility of the dyes in both the spinning solvents as well

as the polymer matix. The development of the side chain copolymers should increase the

amount of dye incorporation, the film forming properties, and the solubility of the

copolymers in common organic spinning solvents.

When the concentration of the phthalocyanine is higher then approximately 30

percent, the silicon phthalocyanine copolymers exhibit partly crystalline properties. This

crystallinity has been observed in the DSC, X-ray and Fr-IR data obtained for these

systems. Evidence suggest that these systems become amorphous when heaW Above the

melting point which should influence the observed degenerate four wave mixing results.

This then may show a linear increase in the third order nonlinear response of these

copolymers as well as the degenerate four wave mixing dynamics.
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IV. NLO CHARACTERIZATION OF THIRD
ORDER POLYMERS

4.1 INTRODUCTION

For nonpoled amorphous polymers, the lowest order nonlinear optical effect is third
order in the applied optical field, and the size of the effect is dependent on the size of the
third order nonlinear optical susceptibility, a fourth rank tensor called ;P). There has been

a large amount of interest in the third order NLO properties of polymers, since it is believed
that the majority of the nonlinearity present in polymer systems is electronic in origin, and

can therefore be very fast (femtosecond response times). The only present application that

could use anywhere near this speed is ultrafast switching on telecommunications networks,

and even in this case a need will probably not be felt for 5-10 years or so. However,
beyond the 5 year time frame and into the farther future, j3 ) or all-optical materials may

play an important role in such diverse areas as telecommunications, optical limiting, parallel

processing and optical computing.

One clear advantage of working with P) polymer materials is that poling and the

questions it raises about thermal stability are no longer issues. Furthermore, many

applications of X(3) materials can be addressed by materials in fiber form, which i;

consistent with processes that have previously been developed at HCC. A disadvantage is

that the optical power handling capability of the material should be much better than for

electl-optic applications, since high powers will be needed for switching to occur.

The purpose of this work is to present several simple design rules that may help in
the attainment of materials with large ,O)s as well as desirable secondary properties and to

discuss the measurements on HCC materials and materials supplied 4. v outside contractors.

We hope to show that for amorphous polymers incorporating chromophores, the X(3)

depends primarily on chromophore loading and the strength of the chromophore, as one
would expect from a simple model. A number of different systems are discussed in detail

including side-chain electro-optic polymers, side chain 5- and 3-ring polymers, guest/host

porphyrin derivatives, and side chain polymers incorporating phthalocyanines and

naphthalocyamines.
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4.2 DEGENERATE FOUR WAVE MIXING

Degenerate four wave mixing (DFWM) in the conventional phase-conjugate
geometry (Figure 4.1) was used to perform the measurements on thin film samples of the
copolymers cast onto glass slides. The laser pulses used for the experiment were 1-2 psec
long, 598 nm wavelength, repetition rate of 10 Hz, and maximum pulse energy densities at
the sample of about I mJ/cm2. The diagonal component of the third order nonlinear
susceptibility x 13) is measured by studying the intensity dependence of the phase
conjugate signal as a function of input laser intensity. In some cases the off-diagonal
component x1221 was also measured, in which case the backward going pump beam
polarization and the signal polarization were perpendicular to the polarizations of the other
two beams. Achromatic polarization rotation was achieved by a simple arrangement using
two consecutive dichroic sheet polarizers at 45 degrees to one another (see Figure 4.1).
One expects that the phase conjugate intensity should go as the cube of the intensity input to
the DFWM. but this simple law may not hold because of factors such as light scattering,
saturation of the nonlinearity or two-photon absorption. When an appropriate method
could be found to extract the cubicly varying portion of the nonlinearity the following
expression, appropriate for thin film samples, was used to determine x'0)

= (fl)2(L) aLS
( R L e.asLs/2(1 _ C-asLs) q CR (1)

where nS and nfR are the refractive indices of the sample and the reference (100 ;tm of
carbon disulphide), LS and LR the lengths of the sample and reference, respectively-, os the
absorption coefficient of the sample, and CS and CR the sample and reference cubic
coefficients. Data were often fit in a number of different ways to test the sensitivity of the
fitting coefficients to the particular model for the nonlinear response. In cases where
significant discrepancies occurred, fitting coefficients from several representative models
were averaged. In comparison, the statistical error of the data was generally negligible.

For time-domain measurements of the DFWM response the backward-going beam
(attenuated with respect to the other beams by at least a factor of 4) was progressively

delayed with respect to the other two beams. The phase conjugate signal amplitude was
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then recorded as a function of this delay. In this case, the dynamics of the grating formed

by the two forward-going beams are probed by the backward beam, which is attenuated to

avoid additional effects owing to gratings formed between it and the other two beams. In

the simplest cases the signal S was analyzed by fitting the data to a sum of instantaneous

and noninstantaneous components

S(tD) = Aexp(-t)l).9Ipsec) + Bexp(-2t/rr), tD > 0 (2)

where tD is the delay of the backward going beam with respect to the time origin, A and B

are the fractions of the response that are instantaneous and non-instantaneous, respectively,
and Ir is the decay time of the non-instantaneous response. The instantaneous response of

the system was determined by measuring the DFWM signal from a thin film sample of a

copolymer of 4-amino-4"-nitrostilbene with methyl methacrylate, which is a completely

nonresonant response at 598 nm. An inherent assumption in (2) is that the data is not

significantly effected by interference between the instantaneous and noninstantaneous

components of the grating; this is not the case if the decay time is nearly the same as the

pulse length. Often the data could not be accurately fit by (2), in which case an additional

component was included that provided for an excited species with a lifetime much longer

than the time scale of the experiment.
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4.3 SILICON PHTHALOCYANINE COPOLYMERS

4.3.1 Introduction

Quantum-confined systems arc known to exhibit exceptionally strong and narrow
optical resonances, as witnessed in quantum wells, wires and dots in semiconductor
materials. A molecular system with a well-defined dimensionality is obviously analogous
to such quantum-confined systems, with the major difference being that the density of
electronic states in the molecular system is a series of delta functions, unlike the band that
exists in semiconductor systems. Cyclic (2-D) conjugated molecular systems are known
that demonstrate extremely large and sharp absorption bands in the visible and near-
infrared, namely the porphyrin-phthalocyanine-napthalocyanine series of molecules,
depicted in Figure 4.2. The position of the first excited state, dubbed the Q-band, shifts to
the red as the fundamental structure increases its conjugation; a further effect is an increase
in oscillator strength. These molecules have been of interest for some time owing to their
extreme chromophoric intensity, their presence in biological systems, and their high
subility to photooxidative and thamal decay.

There have been a number of reports on the third order nonlinear optical properties

of porphyrin derivatives, which are two-dimensional x-conjugated macrocyclic molecules
[5,6,17]. They are attractive because of their relatively large X'Ds, sharp absorption bands
in the visible and near-infrared that can be used for resonance enhancement of Z3), easy

derivatization and central metal substitution, and excellent chemical and thermal stabilities.
However, most of these reports involve degenerate four wave mixing (DFWM)
measurements on solutions of porphyrins at low concentrations (10"4 M) with subsequent
extrapolation to what the solid state properties might be [6], or measurements on
polycstayline films that are not viable optical device materials [9].

Calculations have shown that the nonresonant value of X3) should be smaller in
cyclic conjugated structures than in linear conjugated structures of the same conjugation
length, as a result of the increased dimensionality. However, this increased dimensionality
also results in increased sharpening and intensity of the absorption band, thereby making

such systems viable as saturable absorbers and as resonantly enhanced x(3) media.

Indeed, a number of measurements have been done on a variety of phthalocyanines

showing the resonance enhancement has a large effect on the X3) as measured by third

38



I'

39



harmonic generation and by degenerate four wave mixing. Furthermore, the excited state
nonlinearities in these systems have received a good deal of study and interest.

Progress has been made in making these chromophores more soluble (5], and also

incorporating them in polymers, so that thin film structures of high quality have been made.
Furthermore, the near infrared absorption of these materials is small compared to the Q-
band absorption. The molecular absorbance of solubilized silicon naphthalocyanine (SiNc)
versus wavelength out to 1350 nm was measured by infinite dilution studies of the
molecule dissolved in dichloromethane. The results did not fit a Lorentzian indicating that
the absorption line is significantly inhomogeneously broadened, as has been discussed for

the solid solution case. By making the environment of the chromophores as homogeneous

as possible, the narrowest spectra can be obtained and thus the largest resonance

enhancement and figure of merit. This is difficult to achieve in guest-host systems because

at concentrations of the guest that are high enough for appreciable nonlinear optical effects,
aggregation of guest molecules generally results, leading to broadening of the absorption
line. However, by covalently bonding the chromophore to a suitable polymer chain the
homogeneity can be significantly increased, thereby increasing the molecular figure of merit
within the two-level model. Furthermore, these copolymers can have the same advantages
that the guest host systems have in terms of fabricability (uniform thin films by spin
coating) and increased chemical stability.

4.3.2 Comparison of Guest/Host Systems with Pbthaiocyanine Copolymers

To investigate the role of excited state population effects and determine the role of
the environment of the chromophores, we performed DFWM measurements on two guest
host systems and a copolymer, measuring both the magnitudes of the nonlinearity for
several different tensor components as well as the dynamics of the nonlinearity. The

stsuctures of the two molecules in the guest/host systems and of the copolymer are shown
in Figure 4.3, and the specific compositions of the thin films (with chromophore

incorporation specified by weight %) were 5% magnesium octaphenyl-temtrzaporphyrin
(Mg:OPTAP) /polymethylmethacrylate (PMMA) guest/host, 10% silicon phthalocyanine

(SiPc) monomer/methylmetarylate (MMA) copolymer, and 30% silicon naphthalocyanine

(SiNc) /PMMA guest/host. This SiPc/MMA copolymer is a cross-linked system with the
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chromophore as a cross-linking agent, and as such, at high chromophore concentrations (>
10% ) thin films formed from the polymers are increasingly brittle. The films were formed
by spin coating onto glass or quartz substrates, and were of high uniformity and
mechanical strength. Copolymer films were of at least the same quality as guest/host films
for the 10% SiPc/MMA copolymer. The UV-VIS absorption spectra of thin films of the
three systems are compared in Figure 4.4, demonstrating the large shift in the Q-band
absorption maximum in progressing from Mg:OPTAP to SiNc; all curves were normalized
to give the same Q-band peak intensity. These absorption lines are among the narrowest
and most intense to be found in organic materials, with the absorption coefficient of the
30% SiNc/PMMA guest/host being about 2 x 105 cmr1.

Another attractive feature of these materials (especially 10% SiPc/MMA copolymer
and 30% SiNc/PMMA) is that they have a large transparency window in the visible that
may provide windows of low two-photon absorption for near infrared (1.06 pim or 1.3
pim) device operation; SiNc has already been shown to have a low absorption coefficient (<
0.2 cm-1 at 10% in solution at 1.3 ILm). A disadvantage to highly loaded guest/host
systems, such as the 30% SiNc/PMMA is their tendency toward the creation of
microcrystallites of the host chromophore, as evidenced by broadening and shifting of the
Q-band; covalent incorporation of the chromophore on a polymer chain reduces this
tendency as shown below.

X3) measurements were performed using DFWM in the phase conjugate

gomey; o and , components were measured. All measurements were done

in the small-signal regime, although even in this regime deviation from cubic behavior was
observed for the Mg:OPTAP sample, and fitting the signal to a function of the form S =
Cl' yielded values of b less than 2. This result comes from saturation of the nonlinearity in
Mg:OPTAP at low powers, since the exciting wavelength is only 30 nm from the XMAX of
the chromophore. Indices of refraction for the thin films were estimated using a Kramers-
Kronig analysis, absorption coefficients were determined by UV-VIS spectrophotometry,

and thicknesses were found by surface profilometry. A summary of the properties found

for each of the thin film systems is given in Table 4.1, where we see that dhe 10%
SiPc/MMA copolymer has a larger X(3) than the 30% SiNc/PMMA guest/host owing to the

effects of resonance enhancement of the nonlinearity and real excitation. The fact that the
ratio of the tensor components for all cases is close to three (3xx/V(3) = 3) suggests that

the nonlinearities are predominantly electronic, although they are not nonresonant.
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Table 4.1 Linear and Nonlinear Optical Properties of Thin Film Samples

Mu'ial L(tm) n (• 598rm) aL ;) (10-1 esu) X () (10'1esu)

Mg:OPTAP 312 ± 1.480 0.17 1.17 0.303
5% in PMMA 0.08

SiPc/MMA 10% 2.41 ± 1.420 1.94 9.4 3.24
Copolymer 0.05

Silc 30% in 2.63 ± 1.434 0.41 2.09 0.61
PMMA 0.05
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Figure 4.5 demonsciats the time domain results for the three thin film samples, and

these data were fit to (4.2). Table 4.2 summarizes the coefficients and response times for
the three different polymer systems. and shows that the Mg:OPTAP system has a much

larger non-instantaneous response than the other two systems, and can in fact be fit to a

single exponential decay (A - 0 in (4.2)). The SiNc/PMMA guest/lost system could not
be fined adequately by (4.2), but could be fitted if a very long-lived exponentially decaying

component was added. If the lifetime of this additional portion of the response was taken
to be 1 nsec, then the corresponding coefficient C was 0.435, while the other parameters

are as given in Table 4.2. By contrast, the SiPc/MMA copolymer response can

becompletely fit by (4.2), and the non instantaneous response time is similar to that of the

fast portion of the SiNc/PMMA non-instantaneous decay.

The origin of the fast resonant response is likely to be an interaction between

neighboring excited molecules, such as an exciton-exciton interaction (191. Since the
spontaneous singlet decay times of porphyrins in solution have been measured to be several
nanoseconds, the long lived response in SiNc/PMMA can be attributed to the singlet
lifetime that is not significantly shortened in the guest/host polymer environment, which is

consi-ent with the exciton-exciton relaxation mechanism since the excitation density in this

material is about 5 times smaller than in the SiPc/MMA copolymer at 598 nm (see Table
4.1). Similarly, the lifetime in the Mg:OPTAP guest/host is even longer because the

excitation density in this case is 12 times smaller than in the SiPc/MMA, which means that

the excited chromophores are much more isolated from one another.

Concerning the possible waveguide device utility of thesc materials, we note that

the copolymer form prevents the formation of microcrystallites, which, as mentioned
earlier, usually obtain in high concentration guest/hosts, and this significantly narrows the

absorption band for systems with the same dye loading. Figure 4.6 shows this effect for a
series of SiPcIMMA copolymer and guest/host systems, clearly demonstrating the band

narrowing in the copolymer case. This band narrowing is crucial for applications of the
material off resonance, since the figure of merit njcaA increases with decreasing band

breadth. Furthermore, the copolymer form will have less scattering than a guest/host of the
same loading because of its increased homogeneity. We now proceed to a more careful

investigation of a series of SiPc copolymers.
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Table 4.2 Fitting Coefficients for DFWM Response

Matria1 A B C %r (PSC)

Mg:OPTAP 5% 0.03 ± 0.05 0.99 ± 0.02 44.1 : 2.3
in PMMA

SilktAMA 0.27 ± 0.03 0.76 ± 0.02 15.3 ± 0.40
10%
Copo-ymr

SiNc 30% in 0.21 ± 0.03 0.33 ± 0.01 0.435 ± 0.02 16.2 ± 2.1
PMMA
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4.3.3 Silicon Phthalocyanine Coploymers

Over the past few years we have succeeded in synthesizing several new classes of
porphyrin incorporated polymers, in particular mono- and bis-methacrylate copolymers of

silicon phthalocyanine (SiPc). The initial investigations on one of thesecopolymers were

described above. To gain further understanding into the mechanisms for the optical

nonlinearity in these copolymers, a series of copolymers with different chromophore
incorporations was investigated. The nonlinear optical measurements on these systems at

598 nm concentrate on the effects of excited state population on the response times of a
series of copolymers of differing chromophore incorporation. At low SiPc concentrations
(<1 mole percentage) the bis-methacrylate copolymers were used, while at concentrations
higher than I mole % only the mono-methacrylate copolymers could be synthesized as

tractable polymers. As shown below, measurements of I mole % SiPc bis- and mono-

methacrylate copolymers show nearly identical nonlinear optical properties for these two

systems, validating the comparison of the low and high concentration polymers.

Figure 4.7 shows the absorption coefficient of the copolymers at 598 nm as a
function of mole % and a relatively good line is obtained. Deviations from linearity can

come from slight band shifting and broadening that occur as the chromophore concentration
is increased as was discussed in Section 3.3. These results show that interactions between

SiPc chromophores in their ground state in the copolymer have only a marginal effect on

the optical properties of the material.

For these polymers both X, (3) and Z" (3)
ol1111 an 221 were measured and the results are shown

in Figures 4.8 and 4.9 where we plot the measured nonlinear optical susceptibility versus

SiPc mole percentage for the series of copolymers. The off-diagonal component is
considerably smaller than the diagonal component in all cases, roughly by a factor of three.
We mention that fitting of the data to the standard cubic intensity dependence was difficult

in most cases, since the actual intensity dependence appeared to be closer to quadratic than

cubic, except at low intensities, as would be expected for a resonant process near
saturation. In this case the cube root of the signal was plotted versus intensity and the
fitting was cutoff at that point where deviation from linearity began. An interesting feature
of Figures 4.8 and 4.9 is that in both cases the increase of the nonlinearity with
chromophore loading appears to begin to saturate at a loading of approximately 6% (molar)

of the SiPc chromophore. As discussed further below, this result appears to be consistent
with a resonant nonlinearity with a predominantly bimolecular decay mechanism.
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To understand better the role of interactions between the SiPc monomers, we
studied the X() properties of a 10% by weight guest/host SiPc/PMMA thin film, a 10% by
weight (SiPc monomer) mono-methacrylate and a 10% by weight bis-methacrylate
copolymer. The properties of the three samples are given in Table 4.3, where we see that
the nonlinearity for the copolymer samples is more than three times that measured in the
guest/host sample of the same by weight loading. Since the dominant mechanism for the
nonlinearity in the SiPc chromophore at these wavelengths is excited state population, one
would expect that e) and the linear absorption coefficient would be directly related, and
this is indeed the case. Notice also that the ratio of the tensor components for the
copolymers is larger than for the guest/host, presumably because the guest/host system has
a larger instantaneous portion of the nonlinearity (where the ratio should be nearly three).

Dynamical DFWM data for X(311 on the three 10% by weight systems are shown
in Figure 4.10, and a considerable difference between the guest/host and the copolymers is
observed. If we modify the function given in (2) so that a long-lived component of the
response can be included we have

SOD) = Aexp(-tD/0.91) + Bexp(-2t/Jrr) + Cexp (-t>/500), tD > 0 (3)

where C is that fraction of the response that shows no measurable decay over the time scale
of the measurement and the other variables are as defined above. If the data of Figure 4.10
is fit to (3) the fitting coefficients given in Table 4.4 are obtained. Here we see that the

copolymer systems exhibit primarily a single exponential decay with small instantaneous
and long time fractions, while the guest/host sample has a much larger fraction of its
response dominated by a long time component, which is presumably due to the population

of a long lived excited state either in the SiPc chromophore itself or in dimers or trimers
forming when the chromophores closely associate. In one model of SiPc ring interaction,

the energy level diagram completely changes between the monomer and dimer states [16].
The present data is consistent with the majority of the nonlinearity at this wavelength being

due to an excited state grating. In the solution state, the excited state lifetime of
phthalocyanine is greater than one nanosecond, and thus the rapid decay seen in the
polymer matrix is the result of the interaction of the chromophore with the polymer matrix
itself or with neighboring chromophores.
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Table 4.3

Optical and Nonlioear Optical Properties of 10% by Weight SiPc
Guest/Host and Copolymer Films

Xiiji Xlfl1at L ,(3) XQ3)

Sample (10"11 esu) (10"1 esu)

10% Guest/Host 0.29 1.297 ± 2.57 1.04
Sdta/MMA 0.008

10% SiPc4MA 0.81 2.41 ± 9.4 3.24
Bis-rm -raylate 0.05

10% SiPCAMMA 0.70 0.801 ± 9.51 ± 2.29 ±

Mono-methacwlar 0.016 1.03 0.25

Table 4.4

Fitting Coefficients for DFWM Dynamical Data on 10% by Weight SiPc
Guest/Host and Copolymer Films

Sample A B C ... kwps)
10% SiPc/PMMA 0.262 ± 0.023 0.563 ± 0.015 0.192 ± 0.003 12.88 ± 0.55

Guest/host
10%SiPc/MMA 0.166 ±0.018 0.782±0.011 0.062:±0.005 11.21 ± 0.33
Bis-nethacrylate
10% SiPc/MMA 0.092 ± 0.004 0.887 ± 0.036 0.055 ± 0.006 9.07 ± 0.48

Mono-mediacr.....
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We can calculate the peak population density of the excited state grating using the
optical density of the film and the intensity of the beams forming the excited state grating.
Taking this intensity to be 500 MW/cm 2, for the 10% mono-methacrylate sample (aL =

0.56) we calculate a peak population density of approximately 5 x 1019/cm3 . This gives an
average separation between excited centers of approximately 27 A, which compares with a
neighbor to neighbor SiPc monomer separation that is calculated to be about 20 A.
Therefore, it is very likely that neighboring molecules are simultaneously excited, leading
to possible cooperative decay mechanisms such as exciton-exciton annihilation, as has been
previously suggested. This is also consistent with the larger long lived component in the
SiPc guest/host case since the absorption coefficient is nearly three times less at 598 nm
than in the copolymers, leading to a lower population density of excited centers and
therefore a low probability for exciton-exciton decay. The origin of the lower absorption
coefficient is both reduced oscillator strength and band shifting in the guest host sample, as
well as agglomeration.

If the exciton-exciton annihilation model is correct, then one should see a decreased
lifetime of the excited state nonlinearity as the loading of the SiPc monomer in the

copolymer is increased. This is indeed observed as shown in Figure 4.11, where we plot
the DFWM dynanics (X6,j ) for a series of copolymers (listed by weight % loading) and
include the response function of the DANS/MMA copolymer as a reference. The origin of

time has been set equa; in all cases for easy graphical comparison, although there were
slight shifts in the time origin owing to the similar magnitudes of the laser pulse length and

the excited state relaxation, which is also dependant on loading.

There is one apparent exception to the trend, which is exhibited by the 60% by
weight (12 % molar) SiPc copolymer. However, detailed fitting of the data using (3)
shows that the origin of the increased lifetime in this case is caused by an increased fraction

of very long lived species, not by a change in the lifetime of the fast decaying component.
This is shown in Figure 4.12 where we plot the fast response time z versus SiPc monomer

%. We see that the increase in the fast decay rate for the copolymers saturates at 1 mole %,
which is consistent with the calculation we performed above that indicates that the exciton
density would be close to saturated at this point. This explains why there is little difference

between the decay curves for copolymers with SiPc loadings greater than 1 mole %, except
for the 12 mole % case. However, it has been shown in the materials section that this

copolymer begins to exhibit significant band broadening and shifting, so that the difference
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may be due to spectral changes or even the emergence of a new excited state species that is

at too low a concentration to decay by way of exciton-exciton annihilation.

Complete analysis of the dynamical data could be performed using a rate equation
analysis for the excited state population N,.. If we assume the presence of a bimolecular
decay process as well as the usual monomolecular decay, we may write the following rate
equation

aN N•..Ax= (No -Nsx)al(r,t) - k I Ne - k2 N 2 (4)

where No is the ground state population, o the molecular absorption coefficient, l(r,t) the
exciting pulse intensity, kt the unimolecular decay rate, and k2Nm"' the effective

bimolecular decay rate at the maximum excitation density obtained. (4) has been used by
Casstevens, et al, to analyze DFWM results on Langmuir-Blodgett films of SiPc
derivatives and evaporated films of metal free phthalocyanine [191. However, in the
present case one must also consider the possibility of ,anergy transfer down the polymer
coil between excited species, as is well-known in polymer photophysics [20].

This leads to the question of what the actual mechanism is for the excited state
annihilation. The simplest possibility is Ftrster annihilation in which two proximate
excited molecules E* and E* undergo the following reaction [211

E*+E* =*E**+G (5)

where E** is a higher excited state of the molecule and G is the ground state. The F~rster
model predicts that the rate of annihilation kmaih is a function of the separation of the
excited state pair R such that

k.,,h(R) = kE(Ri)6 (6)

where kF is the unimolecular decay rate (= I/E) and Rk is the spectral overlap integral
givenby
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where CA(v) is the extinction coefficient of the "acceptor", v the energy in wavenumbers,

I6.(v) the corrected emission spectrum of the "donor", 4,• the fluorescence quantum yield
of D*, n the refractive index (ignoring dispersion), and x2 is an orientational factor. Ro is
typically about 15-30 A, depending on the molecule. In the present case we would identify
E* =*, G with the emission (IM(v)) and E* =* E** with the absorption (EA(V)). We note
that for the polymer case we do not have a good estimate of R unless some details of the
microstructure can be elucidated. Furthermore to estimate Ro we need to know the
fluorescence spectrum of an isolated SiPc molecule in a polymer matrix, as well as the
excited state absorption spectrum of the molecule. Qualitatively, we can say that
phthalocyanines are poor fluorescers so that OD, is expected to be small, but that the

overlap integral itself may be large since

(1) phthalocyanines exhibit very small Stokes shifts in their fluorescence spectra

and,
(2) the next excited state of SiPc, the Soret band, has nearly twice the

energy of the Q-band, into which we are exciting the molecule.

In conclusion, a Fdrster-type annihilation mechanism may be responsible for the observed

bimoleculaj decay, but detailed photophysical measurements would be required to

determine the size of R0 . As mentioned above, excited species energy transfer along the

polymer chain (as opposed to directly between chromophores) is also a possible

mechanism. The latter would presumably be more sensitive to the particular polymer

environment; in the data presented here this is not observed as evidenced by the similarity

between the data for the bis-methacry late and mono-methacrylate copolymers.
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4.4 3 AND S RING SMALL MOLECULES AND COPOLYMERS

A number of polymer films provided by Professor L. Dalton at the University of

Southern California were examined for the third order nonlinear optical response. The

structures of the compounds investigated are given in Table 4.5, where we see that a series

of pendant copolymers and main chain polyenic polymers were synthesized. Films were

cast on glass slides and usually had large nonuniformities. The refractive index of the

reference carbon disulphide is nR = 1.6246; for more colored samples (red) ns was

assumed to be 1.63 (same as the reference), while for less colored samples (yellow) it was

assumed to be 1.55. We have recently purchased a rapid index measurement machine

(Metricon prism coupler) that should allow us to improve upon such approximations in the

future. The sample length was measured by averaging values determined with a surface

profilometer at several points near where the DFWM rmeasurement was made. Most of the

films were uniform to within 20%, but one was only uniform to 50%, leading to a large

uncertainty in the nonlinearity. The absorption coefficient aS was measured with a Perkin-

Elmer UV-VIS spectrophotometer, where the spectra were referenced to a blank glass

slide.

An example of the intensity dependant phase conjugate signal for the 3 ring system

on PVP is shown in Figure 4.13. The fit is to a function with cubic and linear dependence

on the laser intensity; the linear portion is to account for scattering which was quite large in

this sample. Notice that no evidence for saturation of the nonlinearity is seen, suggesting

that the response in this case is primarily nonresonant, as is born out by time domain

measurements of z, II, on the 3-ring and 5-ring samples as shown in Figure 4.14. This
Figure shows that the 5-ring sample has a slightly large "long-time" component than the 3-

ring, which suggests an increased excited state population for the 5-ring.

Table 4.6 gives the values of X,(3W), a and 13(j3) /a for the samples. As mentioned

above, the values for a were determined by UV-VIS spectroscopy, referenced to a blank

glass slide; any changes in transmission were attributed solely to absorption, so any

changes in reflection were not taken into account. This is a small correction as long as the

sample's index is close to that of glass and the absorption coefficient is appreciable (larger

than 100-200 cm"). The error bars are due mainly to errors in thickness, which result

from poor film uniformity, and from systematic errors in the DFWM experiment, estimated

to be about 15-20%. As can be seen from the table, the most promising material in terms
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Table 4.5
Structures of Compounds Obained from USC

3 ring on PVPN

cccx
0-cl

M.2N- 30%

OH 0
1

Copolyamide genen Mxtmuc

±c(CNHA(CH)6NH J-C~--FC -- CNH(CH~)jqH f-
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Figure 4.13 Phase conjugate intensity as a function of pump laser intensity for
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of i3)/a at 598 nmn is the 5-ring side chain polymer with a f(3)id approaching 10"14 esu-

cm. Also notable is the fact that this material has a X3) twice as large as that of the 3-ring

side-chain polymer, while having practically the same a, suggesting that increased "tailing"

of the absorption is not occumring.

Table 4.6

Nonlinear Optical Properties of Several Ladder Polymers and Incorporated
Polyene Polymer Systems

S. ......... . .. (3) (.. . .• 3) , -
Saril X1111 X1111/a

Sample (cm-1) (10- 11 esu) (10" 15 esu-cm)

3-Ring2o onPVP 36001%0 i.2±0.3 3.3±1.1

3-Ring 30% on PVP 4300±1100 1.4±0.2 3.3±1.1

5-Ring 20% on PVP 3700±1000 2.6±0.9 7.1±2.0

20% Incorpor. 230± 20 0.15±0.01 6.5±0.7
5- ring polyamide

Copolyaride 320±80 0.20±0.03 6.3±1.8
with 10% Thio2

Copolyamnide <100 Unmeasurable-
with 10% Poly3

Copolyatide 1040±20 0.23±0.08 2.2±0.8
with 10% Poly4

Copolyamide 640±20 0.054±0.02 0.85±3.0
with 10% Poly5

Me2N - 30% 430±40 0.16±0.03 3.8±0.70

Note - some of the values in the table are the result of averages of several differem samples
of the same material - in pIrticula 3-ring/20% is the result of an average of three different samples
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4.S HCC SIDE CHAIN NLO COPOLYMERS

HCC side-chain electro-optic polymers, while developed for electro-optics, may

have promise as all-optical materials as discussed in a number of recent papers (15-161.

Therefore, we measured the third order nonlinear optical response of two representative

electro-optic polymers. Figure 4.15 shows the structures of the side-chain copolymers of

4-amino-4'-nitrostilbene (DANS) and 4-oxy-4'-nitrostilbene (ONS) with

methylmethacrylate, both of which have been used extensively as electro-optic materials

when in the poled state.

The synthesis and polymer properties of these materials have been described

elsewhere [2-4]; in the current work the DANS and ONS copolymers had 60 mole

percentage and 50 mole percentage incorporation of the chromophore monomer,

respectively. At 598 nm, the DANS copolymer has n = 1.68 and a = 540 cm-', while the

ONS copolymer has n = 1.62 and a = 40 cm"1 . The results of DFWM measurements of

the magnitude of the third order nonlinear susceptibility on DANS and ONS copolymer

films spun onto glass slides are given in Table 4.7. Table 4.3 also lists the results of third

harmonic generation measurements on these systems by us and others. The DANS system

exhibits a nonlinearity about 3 times as large as the ONS system, as might be expected

from dispersion effects. A simple two level model picture of DFWM predicts that the

XIII of the DANS polymer should be 2-3 times that of the ONS polymer, as is observec

Because of the limits of experimental sensitivity, the X (3) component could only be,•1221

measured for the DANS copolymer, and is approximately 1/3 as large as the (X1
component, as would be expected for an electronic process in an isotropic material.

Figure 4.16 shows picosecond time-resolved DFWM data on the DANS

copolymer, and the response is seen to be pulse length limited and was used to determine

the "instantaneous" response of the system. The additional pulse at approximately 15 psec

from the zero delay is a satellite pulse that results from the saturable absorber in the

synchronously pumped dye laser being at too low a concentration. In the present instance

this satellite explicitly exhibits the ultrafast response and recovery of the DANS copolymer.

Although these copolymers have been developed for electro-optics and exhibit only modest

third order susceptibilities, they may have utility as third order materials because of their

excellent processability, amenability to various waveguide fabrication techniques (RIE,

photobleaching), low-loss at 1.3 gm and expected low two-photon absorption at 1.3 prn.
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Figure 4.15 Structures of side chain polynieis with oNS and DANS
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Table 4.7

Third Order Nonlinear Properties of DANS/MMA and ONS/MMA

Copolymers

( ..... .. (3) (3)Poy er)Max X311)l III All1221

Polymer (fim) (DFWM 10-12esu) (THO 10"' 2esu) (DFWM 10"12esu)

DANS/MMA 438 6.9 ± 1.0 5.0 ± 0.5 (1.9 2.2 ± 0.5
60/40 Am)

ONS/MMA 370 2.0 ± 0.5 2.0 ± 0.5 (1.9 -

50/50 Am)
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Figure 4.16 DFWM dynamics of DANS/MMA copolymer film; the additional pulse is
a satellite pulse that is formed with the synchronously pumped dye laser
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4.6 CONCLUSIONS

Picosecond degenerate four wave mixing at 598 nm was used to study the third

order nonlinear optical properties of thin film polymer samples. A series of main chain and

pendant copolymers synthesized by L. Dalton's group at the University of Southern
California were measured, with a 5-ring pendant copolymer having both the highest
nonlinearity (x,ýl() = 3 x 10"-l esu) and also the highest value of X(3) 1t /a for this group.

Electro-optic polymers previously synthesized at HCC were investigated and a
DANS/MMA 60/40 copolymer was found to have (3t)11 = 7 x 10.12 esu, while an

ONS/MMA 50/50 copolymer had a nonlinearity only one third that of DANS/MMA 60/40.

Dynamical studies indicated that the response of DANS/MMA 60/40 is ultrafast

(subpicosecond). This property, coupled with the availability of high quality DANS/MMA
waveguides, may make this material an interesting candidate for all-optical switching at 1.3

tLm.

We have performed DFWM measurements on three thin film polymer systems

incorporating several different two-dimensional x-conjugated chromophores. The narrow

absorption bands of the chromophores in the visible and near infrared lead to relatively
large X(),s (10-10 esu) at 598 nm. Time-resolved DFWM measurements explictly

demonstrated the role that one-photon excitation plays in the nonlinear optical response of

these porphyrin derivatives. Furthermore we have shown that copolymerization of silicon

phthalocyanine chromophores is an effective technique for obtaining high loadings that

result in decreasing material recovery time for resonant nonlinearities and increasing

transparency for nonresonant applications.

A detailed study of a series of copolymers of SiPc with MMA was undertaken, to

determine the size and dynamics of the resonant nonlinearities in these materials. Resonant
(3) values as large as 2.6 x 10°10 esu were observed for copolymers with 6 mole %X1111

SiPc. Mono-methacrylate and bis-methacrylate versions of the copolymers were studied

and high quality thin films could be spun from all of the synthesized materials. A
saturation of 3) with increased chromophore loading was observed to set in between 2

and 6 mole % loading. This effect could result from band shifting owing to chromophore
interaction or from the onset of another nonlinear mechanism that has opposite sign to the

nonlinearity present at low loadings. As the loading of the SiPc chromophore was

increased from 0.1 to 6 mole %, fairly dramatic changes were observed in the picosecond

dynamics of the resonant nonlinearity. A significant decrease in the response time (from 25
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psec to 9 psec) was observed at higher loadings, which appears to be consistent with a
model in which bimolecular interactions of molecules in the excited state lead to rapid decay
(exciton-exciton annihilation). The actual mechanism may be some form of Forster
annihilation, commonly seen in fluorescence spectroscopy.
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V. DEVICE FABRICATION

5.1 INTRODUCTION

The fabrication of useful electro-optic devices using organic polymers requires,

techniques for depositing many polymer and metal layers onto a substrate and ways for

defining linear waveguiding structures in a multi-layer film. Thin film layers of polymer
will be produced by spin-coating, a standard fabrication technique used in electronics

industries. However, more detailed studies on the effects of spinning speed, solution
viscosity, and solvent nature on film thickness, film quality, and adhesion are necessary in

order to fabricate defect-free polymeric electo-optical devices.

A typical waveguide device is consisted of multilayers of polymers and metals.
Thin polymer films are deposited upon one another so that optical cladding and core
structure can be easily developed for waveguiding. The index of refraction of cladding and
core layers can be precisely controlled by varying monomer compositions in NLO
copolymers. This structure is built on top of a silicon substrate and bottom metal electrode
which is vacuum deposited gold. The cladding and guiding NLO polymer layers are spin

coated upon this gold layer and then a waveguide pattern is defined by the various
methods. After a top cladding polymer layer is coated on this structure, the upper electrode
pattern is established by gold evaporation using lithographically defined patterns.

Twe ;eparate routes have been pursued for demonstration of the device utility of the
third order nmterial developed under the contract One area that is promising for all-optical
materials is ultra-high speed switching in nonlinear optical fiber devices. These have been
demonstrated in fused silica fibers. but the nonlinearity in this case is so low that extremely
high power lasers and long lengths of fiber must be used. The latter is impractical from a
high speed switching point of view, since large delay lines will have to be tolerated by the
system. However, if more nonlinear fiber could be made with relatively low loss, these
evices could be only a meter or so in length, significantly reducing the clocking problem.
To demonstrate highly nonlinear single mode fiber an external research program was
initiated with Prof. M. G. Kuzyk at the Washington State University who has produced
nonlinear optical fibers rsing guest/host doping of various dyes in PMMA. Monomer
samples of silicon phthalocyanine have been supplied to Prof. Kuzyk in order to
incorporate these monomers into a methacrylate polymer in situ. Some of the results on
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this investigation are attached to this report as an appendix.

The other devict ffort we have studied is a nonlinear directional coupler made with

a silicon phthalocyanine/MMA copolyrmr. A vertically integrated approach was adopted to

take advantage of the excellent thin film forming properties of the polymers. The

directional couplers. in their channel waveguide version, could function as ulrafast

switches for telecommunications or datacom. 1.06 14m was chosen as the design

wavelength, since this choice simultaneously resonantly enhances the nonlinearity of the

material while hopefully avoiding two-photon absorption, which has deleterious effects on

nonlinear directional coupler performance. Silicon phthalocyanine and similar compounds

have a transparency window in the visible which could correspond to a two-photon

transparency in the near-infrared. A number of planar waveguide devices, whose structure

can be readily turned into channel waveguide directional couplers by photobleaching or
selective etching, have been fabricated and demonstrate waveguiding in both active layers

as well as evidence of coupling between layers.
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5.2 FABRICATION TECHNIQUES

5.2.1 Spin Coating

The spin coating process is used extensively in producing thin solid polymeric films
for use in microelectronics. The process is relatively simple and convenient, and it usually
produces uniform films which are quite reproducible. Typical applications include
photoresists, inter-metal dielectrics, and passivation layers. This process can be described
as consisting of three stages: solution deposition, spin, and solvent evaporation. In order
to get defect-free films from this technique, the effects of solvent nature, spinning
parameters, and drying conditions on film quality have to be understood. Since the final
film thickness is largely dependent on the solution viscosity and spinning speed and time, a
desired film thickness can be obtained by changing one of the above parameters. This
technique allows us to make reproducible and uniform polymer films with thicknesses
ranging from 0. 1 to a few microns.

One of important property of solvents used in spin coating is their boiling point.
The lower boiling solvents (60 - 120 0C) create uneven surface due to rapid drying while
higher boiling solvents (170 - 250 oC) lead to a problem in drying. The best results in the
film forming process were achieved with solvents in the middle boiling point range (120 -
170 oC). When a hygroscopic solvent were used, a clouding phenomenon was observed
in the film. This can be attributed to an absorption of moisture by the solvent during the
drying process. As the solvent evaporates, the amount of non-solvent (water) ireases in
the solution due to the moisture absorption. This results in phase separation in the spin-
coated solution. Aft-- most of solvents evaporate, then the solvent rich phase in the
polymer solution becomes a void in the film which scatters visible light.

Various types of surface defects are observed when polymer solutions are spun on
a substrate such as silicon wafer. One of the most common defects is orange peel which is
a textured appearance resembling the skin of an orange. This defect results when the
polymer solution is not fluid enough to flow together evenly on the surface during spin-
coating. Fisheye is the appearance of circular depression in the polymer film due to
repulsion of the polymer solution by some surface contaminants, such as oils and greases.
Pinholing and cratering arise when solvent is lost rapidly by heating from the polymer film
while it is still wet.
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When N-methylpyrrolridone (NMP) is used as a solvent for the NLO polymers, a

defect such as creeping or crawling is found after spin-coating on a silicon wafer.

Crawling is a tendency of a wet polymer film to recede from certain areas of a coated

surface. This type of defect is caused by poor wetting of the NMP solution on the silicon

substrate since it has a higher surface tension compared to the usual cyclohexanone solution

which does not show crawling. A similar defect was observed when the spin-coating

solvent was changed to poor wetting solvents such as butymlactone or benzaldehyde.

In order to overcome above problems and get a smooth and uniform film, the

surface tension of the polymer solution should be lower than the surface energy of the

substrate or contaminants. One of the way to solve such problems is an addition of

surfactants which can reduce surface tension of solutions. Some of non-ionic surfactants

(FC-430 and FC-431 from 3M Co.) have been tested and found to be an excellent solution

for the problems in the spin coating procedure. These coating additives are fluoroaliphatic

polyesters and are soluble and compatible with most NLO polymers studied. Since very

small amount of the surfactants (0.2 wt% of polymer) was added, no adverse effects due to

the addition of surfactants on optical waveguiding property has been observed. It even

reduces the scattering loss in waveguide by eliminating the leveling problem caused by

surface tension gradients formed during the film drying stage.

5.2.2 Multi-layer Structure Fabrication

The premature crack formation in polymers at stresses considerably below the

nominal yield stress, while in contact with aggressive environments, is called
enviromnental stress cracking. This problem is observed in the fabrication process of

multilayer sructums of NLO polymer films. After the first layer of the polymer film is

spWn and dried on a silicon substrate, the polymer solution is again applied on the top of

this film in order to make second layer of a film. This process inevitably leads to the

contact of the dried first layer film with a solvent in the applied polymer solution. The

solvent acts upon the polymer, especially at a flaw located at the film surface, and causes

localized plasticization and swelling. This brings about the onset of crack formation in the

film which is already under the infience of residual stresses induced during a drying

procedure. Upon application of another solution on top of these films, the surface of the

second layer again shows cracks. This brings about considerable problems in designing
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multilayer strucure wavegude devices if mechanical strength of the NL) polymers is not

strong enough to withstand environmental stresses..

In order to solve such a solvent cracking problem in the spin-coating process, a few
hundred angstrom thick plasma polymer layer is employed as a barrier layer between two
polymer film layers. This barrier layer is dense enough not to allow penetration of solvent

molecules to the next layer yet thin enough not to interfere with guided waves in the NIX)

polymer film. As a preliminary experiment, a 300 A thick plasma polymer from CE4 was
coated on the HCC NLO copolymer film which was spin-coated and dried on a silicon

wafer. When a solvent is spread over the surface of the film to see if the solvent stress

cracking occurs, only the portion of the film not covered with the plasma polymer layer

exhibits many cracks due to direct solvent contact to polymer surface. Even the plasma

polymer as thin as 100 A thick seems to be effective as a solvent barrier.
Hexamethyldisiloxane has also been used to form a plasma layer on the NLO film and been

found to be a good barrier layer although it shows different surface property due to its

hydrophobic nature. This plasma technique seems to be suitable for the device fabrication

process since it takes only a few minute for the whole procedure and does not result in iy

adverse effects on optical waveguiding property of NLO polymers.

5.2.3 Linear Wavepnide Fabrication

Lateral confinement of light in the films can be achieved by three different ways:

lithographic methods, laser ablation, and photobleaching techniques (22]. In the

lithographic methods, gold is evaporated on top of the substrate to form a ground plate.
The cladding polymer is spin coated on this gold layer and a channel is lithographically

defined. Using gold as the masking layer, the linear waveguide pattern on the cladding
layer can be etched by a reactive ion etcher. NLO active core nmaeial is spin coated to fill

the channel, followed by the deposition of a third upper cladding layer. The upper
electrode pattern is established by evaporation of gold using lithographically defined

patterns.

The laser ablation technique provides a much simpler way to form a linear

waveguide. After cladding and guiding layers are spin coated, a linear waveguide structure

can be formed by ablation of polymer layers. Ra4 "ation from a excimer laser is passed
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through a mask and the waveguide structure is imaged onto the surface of the polymer film.

The laser light can ablate materials which are not covered by the mask resulting in a rib

waveguide structure. Another cladding material is then overcoated on the rib structure.

The photobleaching method utilizes the photochemical properties of the NLO
chromophores in the polymer. When the NIX) chromophores are irradiated with light near

their electronic absorption bands, photochemical reactions may occur. This can alter the

chemical structure in such a way as to reduce the polarizability of the chromophore. From

the Sellmeier equation, the theory predicts that either a reduction of oscillator strength of the

chromophore or a hypsochromic shift of its absorption maximum wavelength will cause a

lowering in the refractive index. In order to make a channel waveguide, the NLO polymer
is exposed to radiation through a mask which contains a pattern of the optical waveguide

structure.
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5.3 VERTICALLY INTEGRATED DIRECTIONAL COUPLER

5.3.1 Device Design

One area of application has been pursued for demonstration of the device utility of
the primary third order materials developed under this contract, the silicon phthalocyanine
copolymers. Here we report on the device development work of a vertically integrated
directional coupler. A vertically integrated approach was adopted to take advantage of the
excellent thin fidm forming properties of these polymers. These directional couplers, in
their channel waveguide version, could function as ultrafast switches for
telecommunications or datacom.

Figure 5.1 shows the vertical sutucture which consists of five layers: (1) lower
cladding layer (PMMA), (2) lower waveguide layer (SiPc/MMA), (3) separation layer
(PMMA), (4) upper waveguide layer (SPCIMMA), and (5) upper cladding layer (PMMA).
Coupling will occur between the two waveguide layers once light is launched into one of
the layers. If the waveguides are identical so that their propagation constants match (AA =

0) complete coupling of energy from one waveguide to the other will occur after a distance
called the coupling length. If the waveguiding material has an index of refraction that is a
function of light intensity, this coupling4ogth can be changed by changing the incident
light intensity, thereby changing how much light emerges from the two waveguides at the
end of the device.

In the present design this switching could be achieved in at least three ways. In one
case the incident light beam would act on itself, and as its own intensity increased or
decreased the coupling between the two waveguides would change. Another approach
would be to have a low intensity probe beam propagating through the waveguide structure
whose coupling ratio would be controlled by the imposition of an intense pumping beam.
This pump beam could be at nearly the same wavelength as the probe and copropagating
with the probe, being wavelength filtered out of the network at the end of the device. On
the other hand, the pump could be imposed from above the waveguide and could change
the coupling between the waveguides if its wavelength were such that the majority of the
pump light was absorbed in the upper waveguide.

Since the proposed device is all-optical. isolation of the coupling region through the
use of waveguide bends is not critical. However, for the electro-optic case this problem
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could be solved if, for example, a photobleachable material were used for the center layer,

in which case a graded index structure could be formed that would act like a bend, since it

would allow the adjustment of the waveguide coupling. Furthermore, a structure such as

that in Figure 5.1 could be readily turned into a channel waveguide device by direct

photolithography or by photobleaching.

A directional coupler's characteristics depend critically on the wavelength of light

used, the refractive indices of the materials, the dimensions of the waveguides and their

separation. In the present case, the layer thicknesses were determined by considering three

basic principles.

a) According to coupled mode thoy [231 the single mode cutoff condition (for1TE

modes)

An (1)S4t 52(n, + no)

depends on the active layer thickness t., X. the wavelength of light, and the refractive

indices of the active layer n, and the cladding layer n6 An = na - no. The Metricon prism

coupler was used to measure the refractive indices of the active layer silicon

phthalocyaaine/MMA 2/98 (1.520 @ 1.289 Jrim) and that of the cladding layer PMMA

(1.483 @ 1.289 pma). The actual operating wavelength for the directional coupler in a

single beam configuration was then designed for 1.064 pum radiation to avoid the presence

of two photon absorption, which has been measured to be very large in the silicon

phthalocyanine/MMA copolymer at 1.3 pm The above information suggests that the

thickness of silicon phthalocyanine should be approximately 1.3 pm to be below

multimode cutoff and therefore single mode for 1.064 pm light. This calculation ignores

the effect of refractive index dispersion from 1.3 pam to 1.064 pam which will be small for

the PMMA layer, but may be appreciable for the silicon phthalocyanine layer.

b) The cladding (passive) layers should be thick enough to prevent light from

reaching the substrate. For TE light the attenuation of the exponentially decaying wave in

the cladding layer is given by

I= .oe 2px (2)
where
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"p = (Ne. o2)112(U (3)

Neff is the effective index of the waveguide, and x is the cladding layer thickness.

Application of (2) and (3) suggests that x should be much larger than 2/2 p (x >>2/ 2 p) and

for the present materials determines an upper and lower cladding PMMA layer thickness of

approximately 2 pm.

c) The coupling length is related to the thickness of the middle PMMA layer by

x

L 2kI (4)

where L is the coupling length, and k12 the amplitude coupling coefficient. For the

designed device operating at 1.06 jnm, k 12 may be expressed as k12 = koe,3"Od where 2d is

the center to center guide separation and ko - 0.590 gmn" 1. Therefore L z-P-- 346 =

2.67 e3"Md jpm. To obtain a coupling length of a few millimeters at 1.06 jim we need a

central PMMA layer thickness of approximately 2.5 pim. The coupling length is

exponentially varying with the waveguide parameters so that small changes in thickness,

wavelength, or refractive index give large changes in the coupling length. As demonstrated

below, this was manifested by a significantly shorter coupling length than the design length

being observed at 1.29 jpm.

5.3.2 Waveguide and Coupling Experiments

A number of five layer devi':s were made for investigation of waveguide loss,

coupling and reproducibility of the fabrication techniques. Also, since the coupling

characteristics are highly dependent on the center layer thickness and optical wavelength, a

number of devices with differing center layer thicknesses were fabricated. The center to

center waveguide separation and resulting coupling lengths calculated are given in Table

5.1 for 1.289 pm and 1.064 jim wavelengths; dispersion in the copolymer refractive index

was taken into account with a two level-model.
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Table 5.1

Coupling Length as a Function of Guide Separation for 1.289 plm and
1.064 pgm Wavelengths

Center to center guide Coupling length Coupling length
separation (,um) (@1.289 ptm) (mmn (@1.064 gm) (num)

3.80 0.548 1.908
3.54 0.409 1.217
3.30 0.304 0.804
3.04 0.227 0.513

Since there are no electronic absorptions in silicon phthalocyatane in the near-
infrared, the loss of the material should be only weakly dependent on wavelength.
Although the design wavelength was 1.06 p.m for reasons of increasing e) and avoiding
two-photon absorption, it is reasonable to use 1.289 pmn light for assessing waveguide
loss. This was done using a standard setup based on the detection of light scattering from
the guiding layer for light launched by prism coupling (made possible by the lift-off
technique) into the guidelayer. Figure 5.2 shows the loss of a three layer waveguide
(PMMA/SiPc:MMA/PMMA) as measured with the 1.289 pm loss apparatus for the TE
mode. The loss is estimated to be 5-7 dB/cm, which is not prohibitively large if the devize
is only a few millimeters long. The origin of loss may be absorption but could also be
scattering caused by partial alignment of the silicon phthalocyanine copolymers. Figure 5.3
demonstrates evidence for a modulation with a I mm periodicity in the loss of a 5 layer
device. This represents coupling between the two waveguides since the top guide will

scatter considerably more than the bottom guide. This modulation should have a
periodicity of twice the coupling length, which is consistent with the calculated coupling
length of 500 ptm for this 5 layer device at 1.289 pWm (see Table 5.1). The "extinction
ratio" cannot be accurately determined from this data since the bottom guide will still exhibit
some scattering.
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Figure 5.2 Loss of a three layer waveguide as measured by the scattering technique
at 1.289 ttm
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Figure 5.3 Coupling between Silicon phthalocyanine/MMA waveguides as
measured with the scattering technique.
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Waveguiding was also observed using endfire optical fiber coupling into the
waveguides and an infrared camera and beam scanning system to image the outpuL A 1.06
gzm diode pumped Nd:YAG laser was used, and slab waveguiding in both waveguides was
clearly observed as shown in Figure 5.4. The beam scanning system which was used to
quantify the waveguiding shows that the top waveguide confines hght more strongly than
the bottom. This comes from the inherent asymmetry in the structure shown in Figure 5.1,
since the top waveguide sees an air "substrate" while the bottom sees an Si/SiO2 substrate.
These experiments demonstrate that relatively low loss waveguiding can be achieved at
1.06 ptm and that both silicon phthalocyanine layers can simultaneously support
waveguiding modes. Future work will concentrate on demonstrating switching between
the two waveguides, either through the imposition of a resonant optical pump incident
perpendicular to the plane of the slab waveguide or a nonresonant optical pump along the
waveguide.
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Figure 5.4 Photograph (computer generated) of both waveguides
waveguiding in a five layer sample at 1.06 p as
obtained with an infrared camera.
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5.4 CONCLUSIONS

The spin coating process is used extensively in producing thin solid polymeric films

because this process is relatively simple and convenient, and it usually produces uniform

films which are quite reproducible. In order to get defect-free films from this technique,
the effects of solvent nature, spinning parameters, and drying conditions on film quality

have to be understood. The best final film property is obtained when non-hygroscopic

solvents with a medium boiling point (120 - 170 OC) ar used in the spin coating process.

Various types of surface defects, such as orange peel. fisheve. pmnholing. and crawling, are

observed when polymer solutions are spun on a substrate such as silicon wafer. These

defects results in poor film properties and many problems when the film is further

processed in drying or poling stages. It was found that addition of nonionic surfactants

could eliminate most of the coating problems by reducing surface tension of the polymer

solutions.

When multilayer structure devices are fabricated, it is inevitable to experience the

problem of solvent stress cracking. A plasma polymer layer which is dense enough not to

allow penetration of solvent molecules to the bottom layer yet thin enough not to interfere

with guided waves has been successfully employed to prevent the solvent stress cracking.

This plasma technique seems to be suitable for the device fabrication process since it takes

only a few minute for the whole procedure and does not result in any adverse effects on

optical waveguiding property of NLO polymers.

We have demonstrated that the third order NLO polymer, silicon phthaocyanine

/methymethacrylate copolymer, can be used as an active material in the slab waveguide

directional coupler. The optical loss of the three layer waveguide was measured at 1.289

pm and found to be 5 - 7 dB/cm. The evidence for a modulation with a I nun periodicity in

the loss of the five layer waveguide device was shown. This represents coupling between

the two waveguides since the top waveguide will scatter considerably more than the bottom

guide.
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VI. CONCLUSIONS

A series of new side chain polymers was synthesized and characterized for the

second and third order NLO applicationsm Linear copolymers contaiz mg rnaleic anhydride
as an active functional group on the main chain were prepared in this work. The nuaeic

anhydride group reacts, by ring opening esterification with an appropriate alcohol

containing an NLO functionality, to form an wd ester. These copolymen were also found
to be suitable for branching or ý,,rosslinking reactions with o-diols. On esterificadon of

the anhydride unit. the backbone became inherently more flexible. resulting in a lower glass

transition. In all cases, polymerization of maleic anhydride and coonornoers such as butyl

vinyl ether and styrene resulted in high molecular weight polymer. Intnrouction of a slight

excess of the anhydride in the feed ratio ensured synthesis of an alternating copolymer.

The electrooptic property measurements resulled in rather low activities. The elactrooptic

coefficient found from the styrene/maleic anhydride copolymers is about I pMN when
poled in a field of 50 volts/gmn at 140 OC.

New NIX molecules based on the metallated mcmcyde family are synthesized. A

series of substituted silicon and aluminum phtldocyanines we prepared to study their

third order nonlinear responses. A nitro/airuno substituted aluminum phlhalocyanine was

also made along with mixtures of benzo substituted silicon plthalocyanines. A synthetic

route was investigated to directly produce donor acceptor phthalocyanines which may show
promise for macrocyclic second order materials. A series of monomethacrylate and
dimethacrylate silicon phthalocyanines and naphthalocyanines have been synthesized and

characterized. Average molecular weights range from 20,000 to 307,000 with glass
transition temperatures of 73 TC to 129 OC. The highest concentration achieved so far of the

active chromophore in a copolymer is 12 mole percent (60 percent by weight). All of these
copolymers show excellent film forming characteristics and can be made into tough micron

thick films.

A number of NLO molecules and polymers have been chancterized for third order

responses by the technique of degenerate four wave mixing. A series of main chain and
pendant copolymers synthesized by L. Dalton's group at the University of Southern

California were measured, with a 5-ring pendant copolymer having both the highest
nonlineatrity (X3)11 = 3 x 10 " esu) and also the highest value of ;(3) 1/a for this group.

Electro-optic polymers previously synthesized at HCC were investigated and a
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DANS/MMA 60/40 copolymer was found to have X3(, - 7 x 10'1 esu. while an

ONS/MMA 50/50 copolymer had a nonlineanty only one thrd that of DANS/MMA 60/40,

Dynamical studies indicated that the response of DANS/MMA 60/40 is ultrafast

(subpicosecond). This pmperty. coupled with the availability of high quality DANS/MMA

waveguides, may make this material an interestwig candidate for all-optical switching at 1.3
Am. Resonant XM values as large as 2.6 x 1010esu were observed for silicon

phthalocyanine copolymas with 6 mole percent active chromophore. Device designs based

on the silicon phthalocyarune copolymers in both waveguide and single mode fiber forms

have been presented which may yield ultrafast all optical swirhing devices

The fabrication of useful electro-optic devices using orgpaic polymers requires

techniques for depositing many polymer and metal layers onto a substrate and ways for

defining linear waveguiding structures in a multi-layer film. The spin costing process is

used extensively in producing thin solid polymeric films because this process is relatively

simple and convenient, and it usually produces uniform films which are quite repoducible.

In order to obtain defect-free films through this technique, the effects of solvent nature.

spinning parameters, and drying conditions on film quality need to be understood. The

best final film property is obtained when non-hyposcopic solvents with a medium boiling

point (120 - 170 oC) are used in the spin coating process. Various types of surface

defects, such as orange peel, fisheye, pinholing, and ciawling, are observed when polymer

solutions are spun on a substrate such as silicon wafer. These defects results in poor film

properties and many problems when the film is further processed in drying or poling

stages. It was found that addition of nonionic surfactants could eliminate most of the

coating problems by reducing surface tension of the polymer solutions.

When multilayer structure devices are fabricated, it is inevitable to experience the

problem of solvent stress cracking. A plasma polymer layer which is dense enough not to

allow penetration of solvent molecules to the bottom layer yet thin enough not to interfere

with guided waves has been successfully employed to prevent the solvent stress cracking.

This plasma technique seems to be suitable for the device fabrication process since it takes

only a few minute for the whole procedure and does not result in any adverse effects on

optical waveguiding property of NLO polymers.

We have demonstrated that the third order NLO polymer, silicon phthalocyanine

/methylmethacrylate copolymer, can be used as an active material in the slab waveguide

directional coupler. The optical loss of the three layer waveguide was measured at 1.289
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pm and found to be 5 - 7 dB/Cm. The evidwce for a modulation with a I mm periodicity in

the loss of the five layer waveguide device was shown. This represents the structure

proposed couples light from the upper waveguide to the bouom waveguide. Furthr work

will be needed to dermonsmaT the light intensty dependence for the observed coupling.
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ABSTRACT

An account of work on the synthesis of macrocycles for use in the

fabrication of nonlinear optical devices is given. Work directed towards

the synthesis of fused-ring phthalocyanhies is described. Also described is

work on the synthesis of phthalocyanines ht"ing electron withdrawing or

donating groups on three arms of the macrocycle and groups of the opposite

kind on the fourth arm. Further work to be done in both these areas is

outlined.
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I .TODUCCT 101

A major objective of this work is the preparasion of arom~at. rý.#%$

systems chat have large conjugated loops These compounds are bv tn

because it has been concluded chat the non resona•t. macroscopic o r ý:#

nonlinear optical susceptLbilicies of such sys:ems should be r

large. 1 and because such systems often have good materia: propert!es Th.1

makes selected members of this group good candidates for use in the fabric&-

tion of nonlinear optical devices.

Initially two types of systems were considered. expanded porphvrins'"

such as the one shown in Figure 1, and fused-ring phthalocey.&enS.% 5 %uch as

those shown in Figures 2 and 3.

Et Et

Et -' Et

Sme

2 8r or 2 CF3 Co2

SNMe Me
N W

Et Et

Figure 1. An expanded porphyrin

Ro OR RONOR

R R0 N 'N •I•N N/"N N 0II

T 1 1 - t

R JO OR RO JOR

Figure 2, A fused-ring phthalocyanine
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3

RNN QHs RN /N
•- n !

. --N 4 N- S. -N

N N N N,' N N

IHX3SiO 
H zX 2 S4"

Figure 3. Another fused-ring phthelocyanine

Both types of systems were evaluated carefully and ultimately it was

decided to start work on the fused-ring phthalocyanines.

WORK ACCOMPLISHED

Synthesis of Fused-RinX Fhthalocyanines by king Closure. In the first

efforts made on the synthesis of fused-ring phthalocyanines, a set of

experiments was carried out in which nitriles or diiminoisoindolines were

used as Vvecursors. This work was predicated on the fact that nitriles and

diiminoisoindolines are often used for the synthesis of phthalocyanines.

In one group of experiments, the following reaction sequence was

carried out vith three ratios of the two nitriles.

C1

~CH NC . 1 CN co____

+ 3C[CN+ SnC

NosIiN3 , GPC chrom. (1)

In a second group, the reaction sequence
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+ 1 11 + LU + CSH11OH
ICN NC' CN

GeC!4  Z NaOS Hx3 .GPC chrom.

OW "(2)

was carried out with two ratios of the nitriles. In a third group, the

sequence

08u

+ NC EN + Li + C5H110HCN NC %,,'CN

OBu

H+ A120 3 chrom.

was carried out with two ratios of the nirriles. Finally in a fourth group,

the sequence

NH HN • NH (CH3)2NCH2CH2OH GOCI 4 , C"

C NH + HN NH

NH HN NH

-4oH, HOSiHx3 '• 'CI GPC chrom..N (4,)

was carried out with four ratios of the diiminoisoindolines. In none of

these experiments was evidence obtained that was recognized as showing that
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a fused-ring phrhalocyanine had been formed.

Also early in the studies, work was done on Sequence 5.

H3C H3C:0mq, Br NBS CCMa BrH"C_ Br
+ Br0  ON . .. T.

H3CD- H3C Br BrH2C Br

KOC, 2H2 - C1zH$OCH•• aBr CuCN . DMF C,2,1"OCH 2  CN
DoC,,H2,OCH,ý0 8r ONCj2H2OC'H2)CrCN

NC CN

NC]ýIabCN U L , CSH, 10H H
S, • (5)

This sequence is based, as is seen, on the same type of ring formation step

as Sequence 3. However, the dinitrile in this sequence has the advantage of

being less hindered.

A derivative of this sequence in which diiminoisoindolines are used is

also possible.

NH
C, 2HzsOCH2 • CN CocHzsC=•

÷I + NH 3 + CHaONa O - "-H

C,,2sOCH2)'a CN C12,HOCH 2
NH

HN NM

HN NH

(CH)NCH2CH20H (6)
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This sequence is based, as is apparent, on the same tye of ring formation

step as Sequence 4. It, however, is more advantageous since the

diiminoisoindoline used can be assumed to be soluble in organic solvents.

Work on Sequences 5 and 6 was carried as far as the synthesis of a small

amount of the dinitrile.

Subphthalocyanines and Ring-Expansion Routes to Fused-Ring

Ththalocyanines. -Wile this work was in progress, a paper by Kobayashi and

coworkers 6 on the formation of phthalocyanines by a new and very interesting

method appeared. In this new method phthalocyanines are formed by a ring

expansion. One of the reactions reported is:

tNH N N

Br NH ••NNN•N'•NI NH • H HN

(N

(7)

The phthalocyanine-related macrocycle in this reaction is called a

subphthalocyanins and is abbreviated as subPc. Thus, the particular

compound in this reaction is abbreviated as BsubPc(C-Bu) 3 Br.

This new cbemistry offers at least two attractive potential routes to

fused-ring phthalocyanines. An illustration of one of these routes using

BsubPcCI as the subphthalocyanine precursor is:

6



N N NHN NHIN" N N, + HNýý NH

W .6~u.1 .4 H N

'NH HN NH HNr
I - - II

An illustration of a second route, again using BsubPcCl as the

subphthalocyanine precursor is:
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I~~~N Ni NI N I n

NNH NN

NN

CuCN C NH HN

aCN
1. CN ,L• CSM11OH;N N NN N N

2. H N NN

(9)

This second route is longer but is quite promising because reasonably close

precedents exist for each of the steps used.

RUnS-Kp•ansion routes to Polar Phthalocyanines and

Senaophthalocyanines. In addition to offering attractive potential routes

to fused-ring phthalocyanines, the subphthalocyanines also open practical
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routes to phthalocyanines and benzophchalocyanines vith electron donating or

withdrawing groups on three arms of the macrocycle and groups of the

opposite type on the fourth arm. Such compounds are of interest because

they can be expected to have high dipole moments and thus high macroscopic

second order nonlinear optical susceptibilities. This makes selected

members of this group good candidates for the fabrication of nonlinear

optical devices.

Synthesis of Subphthalocyanines. Because subphthalocyanines offer

attractive routes to a wide variety of compounds of potential use for the

fabrication of NWO devices, work was started on subphthalocyanines soon

after Kobayashi's paper appeared. In this new phase of the work, attention

was initially given to BsubPcCl. The synthesis 7 of this compound 8 on a gram

scale by the route

E 1 + BC13  . -

ON 150-180 0C reflux-CN

N (10)

was mastered. The purification of it by sublimation was also mastered. In

addition, work was done on the subphthalocyanine BsubPc(t-Bu)3C1. The

synthesis of this compound by a route parallel to that used for BsubPcC1 on

a half gram scale and the purification of it by gel permeation chromato-

graphy were also mastered. This latter subphthalocyanine is particularly

attractive for use because it is easily soluble in organic solvents and

because the phthalocyanines made from it can thus be expected to be easily

soluble in such solvents.
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Synthesis of Polar Phthalocyonines and Polar Reniophthalocyanines by

Ring Expansion. In addition to this work on the preparation of BsubPcCl and

BsubPc(C-Bu) 3 Cl, work was done on the preparation of a series of phthalocya-

nines and benzophthalocyanines having various patterns of ring substitution.

This work was carried out in order to gain facility in the preparation of

phthalocyanines and benzophthalocyanines from subphthalocyanines, and in

order to get small amounts of representative compounds from these two

groups. The compounds made are shown in Table I.
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Phthalocyanines Synthesized from Subphthatocyanines

Subphthatocyanine Diiminoisoi ndoline Produc~t Yield

NH ~N A 4N N

N 4 ANH NH HNO-Ij 4

NN

2

CI~ NH 4

:~~I~fNN I HN~

CI NH CI N N

3



Phtha[Ocyanings Synthesized from -Subphthalocyan, Aes

Subphthalocyanine Diiminoisoindoline 
Product Yield

t4N 2 N N ANNi =H 
CCNH N

NHNN

4

NH

~ ~~~N -IZqHCf ~ O N4- 10NH C vNS

6

NH N ~A~O*

NH N1 N N
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Phthabocyanines Synlthesized from Subphthalocyanmnes

Subphthalocyanmne Diiminoisoindofi ne Product Yield

NHN

N%~

9M

~KN

NO N NN

10*

130



Table I (con't.)

Phthalocyanines Synth~esized from Subphthalocyanines

Subphthalocyanine Ojiiminoisci ndoline Product Yield

tr tl%
NH N 1f N N

NH N N N

C, =JJ~ NH 1~NH HN,ý4... 6
NH NNN

12
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These compounds were made on a small scale and were not purified exten-

sively. While the yields of the compounds obtained were low, they were high

enough to show that gram quantities of the compounds can be synthesized in

the future if needed. Spectra of compounds 1-10 in 1,2-dichlorobenzene are

shown in Figures 4-13. These spectra show the band patterns expected on the

basis of Kobayashi's work. 6 As anticipated, the phthalocyanine having three

r-butyl groups, compound 11 in Table I, is easily soluble in organic

solvents.
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Figure 4. UV-Vis spectrum of phthatocyanine in 1 ,2-dichlorobenzons.
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Figure 5. UV-Vis "pctrum of 4-methoxyphthalocyanine in 1 ,2-dichlorobenzene.
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Figure 6. UV-Vis spectrum of 3,4,5,6-tetrachlorophthalocyanine in
1,2-dichlorobenzene.
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Figure 7. UV-Vis spectrum of benzo phthalocyanine in 1,2-dichlorobenzene.
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Figure 8. UV-Vis spectrum of compound 5 in 1,2-dichlorobenzene.
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Figure 9. UV-Vis Spectrum of compound 6 in 1,2-dichlorobenzene.
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Figure 11. UV-Vis spectrum of compound 8 in 1,2-dlchlorobenzene.
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Figure 12. UV-Vis spectrum of compound 9 in 1,2-dichloromenzene.
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Figure 13. UV-Vis spectrum of compound 10 in 1,2-dichlorobenzene.
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Synthesis of Fused-Ring phthalocyanines by Ring Expansion. Work was

also started on the use of BsubPc(C-Bu)3Cl for the synthesis of a fused-ring

phthalocyanine. The reaction initially tried is of the type illustrated by

Sequence 8. The actual reaction is:

HN NH
N N N

+ HN4,9[NH

C1HN NH

NN

DMSOCoN N N

So far no fused-ring phthalocyanine has been obtained from this reaction.

The benzophthalocyanine with two bromo groups, compound 7 in Table I,

is of particular interest because it opens the possibility of making a

fused-ring phthalocyanine of a different type, that is, of the type shown in

Figure 14.
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N~ - N 'N N

CNH HN NH

N 4 N N NN

Figure 14. A fused-ring phthalocyanine with a naphtho bridge

Here the bridge between the two great rings is a naphtho group rather

than a benzo group. The route opened is:

XII4 m=,N1~ + CuCN I'M4 MN4

N N N N &

1. CN U, CsH110H; N N N N
i NH NNH N•

2H. H* PN~g w

(12)

Synthesis of Metallatoed Polar Benzophthalocyanine. Finally, work on

the metallation of two of the benzophthalocyanines was done. The mono-t-

butylbenzophthalocyanine, compound 8 in Table I, was converted into its zinc

analogue by the reaction
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N2N %R

and the monochlorobenzophehalocyanine, compound 5 in Table I, was converted

to its dichiorotin analogue by the reaction

N NN DM

• NH HNM SnCi2  DMF

N IN N t.N N

Y, (13)

This work shows that metallated analogues of the macrocycles produc*d

by ring expansion from subphthalocyanines cand be prepared (as expected), and

makes it clear that the properties of the rings in these macrocycles can be

modulated by metal insertion and by axial ligand exchange when needed.

Summary. From the above it is apparent that the use of

subphrhalocyanines opens up practical routes to fused ring phthalocyanines

that have the potential to have high X() In addition, it opens routes to

polar phthalocyanines and benzophthalocyanines that have the potential to

have high X()

PROPOSED WORK

Synthesis of Fused-Ring Phthalocyaninui. In the coming period the

synthesis of a fused-ring phthalocyanine will be vigorously pursued. In

this work extensive use will be made of the knowledge developed in the past

year. A series of routes will be investigated until one is found that

28
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gives a fused-ring phthalocyanine.

The routes that will be evaluated include the sequence given above as

Sequence 11. that is:

R NH
N N N

HN NH

DMSO,

PNH HN INH H.N~

N N ~N N N N

Also included is a sequence of the same type as Se4uence 9.
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N N NH N aN N
SN N N

CNH,,, NH N N

CuCN_
C 1NH HN

NraaN

HN U , 5 HIOH; N N N

2. HI

Sequence 11 vii be studied first because it is shorter. However, if it
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does not give the desired results, attention will be given to Sequence 15.

Since the work done on BsubPc(C-Bu)3Cl has led to the preparation of 4-

t-butylphthalonitrile. the possibility of using routes like parts of

Sequence 5 or like Sequence 6 for making fused-ring phthalocyanines is now

open. Routes of these types will also be included in the work directed to

the synthesis of a fused-ring phthalocyanine. One that will be included is

similar to part of Sequence 5.

• CN NC t.CN ___

S+ NC CN + Li + CSH IIOH
*a CN NC-k*'--CN

N N tNN

NH HN NH HN

NHNN N N|N N

(16)

A second is similar except that SnCl2 is used in place of Li.
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CN NC CN

"+ + SnC±2

CNN N"-,NNN

IIj N
N- Sn -Nn

SII Ž 4I

VIM gop. NCI' .•m

C ! CI (17)

A third is like Sequence 6.

NH

CN + NH 3  + CH3ONa IBM H

NH

HN NH

__N N N 2 N
HIN INH

I... . N-H H N IH H r
(CH3)2NCH2CH2OH IN

IN IN N . IN

V 
(18)

These sequences are attractive since they are simpler than the
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subphthalocyanine sequences. Because of this at least some work will be

done with them early in the year. Emphasis will be given to Sequences 16

and 17 first because they are shorter than Sequence 18.

Synthesis of Polar Phthalocyanines and Benzophthalocyanines. Work will

also be done on the synthesis of polar phthalocyanines and

benzophthalocyanines. Here for example the tri-t-butylnitrophthalocyanine

shown in Figure 15 may be made.

1NH -N- O-NO 2

Figure 15. Tri-r-butylnitrophthalocyanine

The particular compounds to be made will be decided upon after detailed

discussions with Hoechst Celanese personnel since a wide variety of

compounds can be made and thus the particular needs of Hoechst Celanese

personnel can be taken into immediate and detailed account.

Communication with Hoechst Celanese Personnel. In all the work to be

done Hoechst Celanese personnel will be kept informed as to progress. Their

advice as to which avenues of research should be emphasized will be actively

sought. Supplies of the compounds made will be given to Hoechs- Celanese

personnel when requests are made. In general, an effort will be made to

supply amounts in the half to one gram range initially. If larger amounts

are needed later, efforts will be made to supply them.
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EXPERIMENTAL

BsubPcCl. A slurry of phthalonitrile (1.01 g) and l-chloronaphthalene

(2.5 mL) was stirred under Ar for 20 min. A solution of BC1 3 in heptane

(lM, 4.8 mL) was added to this slurry and the heptane was distilled off.

The remainder was heated to 150-180o for 1 h, refluxed for 10 min, cooled,

and filtered. The solid was washed with heptane and air dried (0.87 g, 78%).

A portion of the product was sublimed (0.1 torr, 2800, 2 h): UV-Vis

(1,2-dichlorobenzene) Amax 567 mm (lit. 565 run); IR (Nujol) 952 (s, 3-Cl)

cm-I (lit 950 cm1l). MS-HR exact mass m/z calcd for C2 4 H1 2 N6BC1 (M)÷:

430.0905. Found 430.0932.

The compound is bronze colored. Thin films of it are purple by

transmitted light. The compound is moderately soluble in hot 1-

chloronaphthalene. The unsublimed compound is satisfactory for use as a

synthetic intermediate.

ZsubPc(t-Bu)3Cl. A solution of 4-t-butylphthalonitrile 9 (1.01 g) and

1-chloronaphthalene (2.5 mL) was stirred under Ar for 30 min. A solution'of

BC1 3 in heptane was added to the solution and the heptane was distilled off.

The resultant was heated at 150-1800 for I hr, refluxed for 10 min, cooled

and evaporated to dryness (1 torr, 1400, 2 h) (1.98 g).

A portion of the product was subjected to gel permeation chromatography

(S-X4 Bio-Beads, 4.5 x 50 cm, toluene) and vacuum dried (60 torr, 700, 1 h):

UV-Vis (toluene) Am)x 569 nm; NMR (200 Mlez, CDCl 3 ) 6 8.91 (d, Ar); 8.81 (dd,

Ar), 8.01 (dd, Ar), 1.55 (d, r-Bu).

The compound is a bronze colored solid. Thin-films and solutions of it

are purple by transmitted light. The compound is soluble in CHCI 3 ,

toluene, acetone, and hexane.

Representative Synthesis of a Benzophthalocyanine, Synthesis of

Compound 8. A slurry of 6-t-butyl-l,3-diimunobenz(f)isoindolune (127 mg),
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BsubPcCl (52 mg), l-chloronaphthalene (3 BL) and Me2 SO (3 mL) was stirred

under Ar for 23 h while being held at 800-900. The resultant was vaccum

concentrated (0.1 torr, 700, -3 mL), diluted with MeOH (40 mL) and filtered.

The solid was washed with MeOH and vaccum dried (60 tort, 700, 1 h) (12 mg,

16%): UV-Vis (l,2-dichlorobenzene) Am&% 730 nm.

The compound is blue-green. Thin films and solutions of it are green

by transmitted light. The compound is sparingly soluble in CHCl 3 , 1,2-

dichlorobenzene, and l-chloronsphthalene.
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Abstract

Work on "W Synthsis Of matergajs tor USe In Z(2) and X(3) studies isdlesCribed. Attempts direced towards the Synthesas of a fusml-ring
te be ~porphyrin are outlined. in addkwon, work Yielding severaI boron.
subphtt'allyarines and a phthalocyanine with both donor and acrcepor groups
is described.



In this study, work directed towards the synthesis of compounds for use as

x(2) and x(3) materials was carried out.

Fused-Ring Tetrabenzoporphyrlns. The work on the XM3 ) materials was

focused on the synthesis of a fused-ring tetrabenzoporphyrin of the type shown

In Figure 1. This work was a continuation of earlier work in which attempts were

made to make a fused-ring phthalocyanine of the type shown In Figure 2.

Figure 1. A fused-ring tetrabenzoporphydn.

N2~N

Figure 2. A fused-ring phthalocyanine.
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A recent report of Kobayashi'sl on the synthesis of a fused-ring

tstrabenzoporphyrin formed the basis of the work carried out on fused-ring

tetrabenzoporphyrins. In this work, attention was first devoted to the synthesis of

the model compound zinc tetrabenzoporphyrin, ZnTBP, Figure 3. This

compound was synthesized according to the procedure of Luk'yanets.2,3 The

equation for this synthesis is:

NK + Zkl(OAc)2 .2H20 + NaOAc 1 ZnTBP (1)

0

The product obtained was purified by adsorption chromatography. It was shown

to be tMe desired compound by UV-Vis spectroscopy.

Figure 3. Zinc tetrabenzoporphyrin, ZnTBP.

After this compound had been made, attention was given to the synthesis of

zinc fused-ring tetrabenzoporphyrin, Zn2FRTBP, Figure 4. The route tried was

parallel to that of Kobayashi.'
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O + + Z * Ac)2.2H2 0 + NOAc 12FRTOP (2)

Figure 4. Zinc Fused-Ring Tetrabenzoporphyrin, Zn2FRTBP.

The product obtained was separated into fractions by adsorption

chromatography. ZnTBP was found in several of these fractions, but no

Zn2FRTBP was detected. At this point, work on fused-ring compounds was

stopped.

Boron Subphthalocyanlnes. The work on x(2) materials was focused on

the synthesis of phthalocyanines with both donor, D, and acceptor, A, groups,

Le., on Opush-pur phthalocyanines. The route chosen for the synthesis of these

compounds involved the expansion of the ring of a substituted boron

subphthalocyanine, BsubPcR3X, with a substituted diiminoisoindoline, 4
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A H

BsubPcD3X + -NH v H2 PcD3 A (3)

NH

As a part of this effort, work was done on the synthesis and characterization

of a series of boron subphthalocyanines. For the synthesis of these compounds,

BsubPcCl was used as the starting material. This latter compound, Figure 5, is a

known compound.5,6

C NP

Figure 5. Chloroboron Subphthalocyanine, BiubPcCI.

The compounds made were BsubPcisoBu, BsubPcN(isoPr)2 , BsubPcOMe,

BsubPcOEt, and BsubPcOSi(n-C6H1 3)3. For the synthesis of these compounds,

the routes used were:

BSubPcCI + isoBuMgl go BsubPclsoBu (4)

BsubPcC +÷ LIN(isoPr)2  - 1 BsubPcN(soPr)2  (5)

ftubPcCI + NaOMe - 0 BsubPcOMe (6)

8ubPcCI + NaOEt - BsubPcOEt (7)

BsubPtG.C + NaOSI(nrC 6 H13)3  - p BsubPcOSi(n-C6Hi 3)3  (8)
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These compounds were purified by adsorption or gel permeation

chromatography. Their composition was verified by high resolution mass

spectroscopy.

These compounds were soluble in ordinary solvents such as toluene and

were thus unlike BsubPcCl. The compounds gave the expected NMR

resonances.

Push-Pull Phthalocyanlnes. Another part of the work on X(2) materials was

aimed directly at the synthesis of a push-pull phthalocyanine. The compound

chosen for this study was trifluoromethyltris-t-butylphthalocyanine, H2T"Pc,

Figure 6. The route selected for this compound is shown in Scheme 1.

NH HN

3 N% N

Figure 6. Trdfluoromethyttris-t-butylphthalocyanine, H2TTPc.

The 1.2-dimethyl-4-trifluoromethylbenzene, 1 needed for this synthesis was

purchased (Lancaster). With it as a starting point, compounds 2 to Z" vere

made. The composition of each was verified by matching physical constants. 7

The BsubPc(t-Bu) 3C1 needed for the final step of the synthesis was made by a
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N~~N

'",

N

3 
r

(One of possible isomers)

I

Scheme 1. Route chosen for synthesis of H2TTPc.
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procedure similar to that used by Meller and Ossko for BsubPcCI.5 The yield of

this step was low, but useful amounts of H2TTPc were obtained. The H2TTPc

was purified by adsorption and column chromatography. Its composition was

verified by mass spectroscopy. The compound showed a very complex NMR

spectrum. This i attributable to the fact that the compound was an isomer

mbiture. The zinc compound was made from the H2TTPc. This also gave a

complex NMR spectrum.
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1 Project Summary

The purpose of the nonlinear optical polymer fiber project was to study the possibility of incor-

poratlng Hoechst-Celanese dye chromophores into the core of single-mode-dimensioned polymer

optical fiber: a geometry that is well suited for a large variety of wavegaiding devices. In par-

ticular, we have incorporated a PMMA copolymer of the monoacrylate material (notebook entry

#37554-18C) in a fiber core. We report here on the methods and processing conditions used to

make such fibers and the properties of the finished product. Enclosed with this report is a spool of

fiber[] and a variety of exhibits that represent various stages of the fiber-making process. Details

are given in the text.

This summer project involved two students, Scott Townsend and Kurt Zimmerman, who are

in the masters degree program in the Department of Physics. The work done at Washington

State University was in dose collaboration with Dr. Robert Norwood and Dr. Jim Sounik of

Hoechst-Celamnese.

2 Introduction

We have developed a fiber-drawing apparatus that is schematically outlined in Figure 1. In the

drawing process, the preform is fed into an oven to soften the material which is subsequently

pulled into a fiber. The preform is a solid rod of polymer with a dye-incorporated core region. In

the drawing process, the preform diameter contracts leaving the core to cladding diameter ratio

unchanged. Details of this process are described in one of our recent publicationss4l

The chromophores in the core define a wavegulding region of elevated refractive index and of

high nonlinear-optical susceptibility, thus confining the high-intensity light to the region of high

nonlinearity. Figure 2 shows a schematic representation of the fiber. Because the efficiences of all

nonlinear-optical processes depend on the intensity of light and the distance over which the light
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Figure 1: A schematic representation of the fber drawing apparatus.
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Figure 2: The cross-section of a polymer fiber.
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propagates, optical fibers ideally suit the high-efficiency criteria by confining high light intensities

to a small core over a long distance. In the sections that follow, we outline parts of the drawing

apparatus that were developed for making Hoechst-Celanese fibers, methods for making preforms

and properties of the final fibers.

3 Oven

The oven is an important part of the drawing process. The temperature distribution must be

kept fixed duming the whole drawing procedure. We have designed and built a glass oven chamber

(for easy sample monitoring) with a resistive-wire coil heating element that is wound around the

inner wall (See figure 3). The air space between the inner and outer chamber acts as an insulation

layer. The air temperature inside the drawing region is stabilized by pulling a low rate of air-tow

through the heat vent.

The oven temperature profile has been optimized to draw PMMA fiber by adjusting the coil

spacing and voltage across the coil. We have measured both the air and preform temperature

at the ideal drawing conditions as a function of vertical position down the middle of the central

chamber. The top portion of Figure 4 shows the measured temperature profile and the bottom

portion shows the corresponding position within the oven. The air temperature was measured

by translating a thermistor probe down the shaft. The preform temperature was measured by

physically imbedding the temperature probe into a preform, then, drawing the fiber. As the

preform is fed into the oven, the probe moves down through the oven chamber until It reaches the

neck down region, at which time the drawing process must be stopped to retrieve the thermistor.

Note that the air temperature rises up the oven shaft while the preform temperature peaks

at the position of highest coil winding density. This is direct evidence that the dominant heating

mechanism is that of radiative infrared heating as opposed to convective air heating. The fact



F'igure 3: A cross-setional view of the Ovea.
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that the neck-down region coincides with the point ofhighest coil density further strengthens this

conclusion.

4 Draw Speed

The diameter of the fiber is determined from the feed velocity of the preform into the oven and

the fiber drawing velocity. Because of mass conservation, the ratio of these two speeds Is related

to the ratio of the preform and fiber diameter:

d=D( )(1

what v and d are the fiber velocity and diameter and V and D the preform feed velocity and

diameter. It is also interesting to calculate the length of fiber, 1, that can be drawn from a preform

of length L:

I= -L. (2)

Because the fiber diameter is much smaller than the preform diameter, it is typical for a 10cm

preform to draw into a 1km fiber.

Figure 5 shows the measured fiber diameter as a function of draw speed ratio. The solid

theoretical curve is calculated from Equation I with no adjustable parameters. The dashed curve

through the data is fit with the preform diameter as the adjustable parameter. The inset shows

the fiber diameter at low feed rate. Note that the data point for a vry largo fiber diameter is

consistent with theory. With such calibration, we have found that we can produce a wide range

of fiber diameters on demand. Figure 6 shows the reproducibility in fiber diameter over three

separate runs that span a wide range of drawing speeds. Wzove that the scatter In the data is less

than 5% of the mean.
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8 Fiber Draw Monitoring System

To make fiber of uniform quality over long lengths, it is important to monitor the drawing condi-

tions. We are in the process of installing a laser-assisted optical diameter gauge and have already

installed a fiber tension gauge. Calibrations of the tension with draw conditions are in progress.

Because the preform temperature can not be directly monitored in the oven (for reasons described

in 'Oven' section), the fiber thickness and tension monitor will be used to actively readjust the

draw speeds and oven temperature to compensate for luctuations. For short segments of fiber

(tens of meters), the fiber diameters have been observed to be uniform. Fibers made to date were

produced without monitoring.

Figure 7. shows the complete fiber drawing tower.

6 Preform Fabrication

The end quality of the polymer fiber is strongly dependent on the quality of the preform. Bubbles

that are trapped in the preform, for example, will draw into long hollow regions. If such bubbles

ane trapped in the core, waveguiding may not be possible. For this reason, we have developed

several methods of preform fabrication that have been specifically targeted at Hoechst-Celanese

materials. In general, the preform fabrication process falls Into'two broad steps: cladding and

core processing. The three procedures that we have developed are summarized below.

6.1 Core Injection

A solid cylindrical rod of PMMA is cut in half along the fiber axis and a semicircular grove

is machined along the axis of both half-cylinders. The two halves are then bonded together

with monomer and clamped together in a cylindrical fixture at elevated temperature. A wire,

whos diameter matches the hole diameter, is used to both align the half-sections and to prevent

10
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monomer from leaking into the hole during the polymerization process. Exhibit A is a set of

haif-sections, Exhibit B the milled half sections, and Exhibit C the two bonded half sections.

This seemingly complex process for 'drilling a hole' in the preform is necessary to prevent crazing

and chipping that accompanies standard drilling. Furthermore, no drill bit Is capable of making

such a small diameter hole over such a long length.

Next, one end of the preform is sealed with epoxy. A liquid mixture of monomer, chromophore

and initiator is inserted into the core with a miciosyringe. After sealing the open end, the preform

core is polymerized at elevated temperature in a cylindrical clamp to keep the preform from

deforming. Exhibit D is a finished preform section and Exhibit E a thin polished section of a

preform. The preform is then drawn into a fiber. Exhibit E is a cross-sectional piece of the

remains of the neck-down region of a spent preform.

6.2 Capillary Filling

In the capillary method, the cladding region is prepared as in the previous subsection. The core,

however, is formed separately and inserted into the hole of the solid preform as follows. A hollow

preform is drawn in the tower to form a small capillary tube whose diameter matches the hole

in the preform. The monomer solution is inserted into the capillary tube under capillary action

and polymerized at elevated temperature. Exhibit F is the starting tube, Exhibit G the drawn

capillary tube, and Exhibit H the final polymerized core. The capillary tube can be either inserted

in the hole and drawn or inserted into the half-cylinders before they are bonded together.

6.3 Core Drawing

In the core drawing method, the core is also separately prepared. The monomer-chromophore

solution Is polymerized in a long test tube and the rod so formed is drawn into a fiber whose

diameter matches the diameter of the cladding hole. The core Is inserted into the preform hole

12



and drawn. The fiber core can be Inserted into the core before or after the bonding procedure.

Exhibit I is the polymerized tube used to draw the core and Exhibit J a drawn core.

7 Discussion

Each method of making preforms has advantages and disdvaztaps. The Hoechst-CeUaese

copolymer, however, has several advantages over the gupt host wsid solution system " ollows.

"* Higher doping concentrations are possible

"* Faster polymerization rates (Dissolved dyes in the monomer inhibit polymerieation)

"* Greatly reduced diffusion of tbo dye chramophore out of the core and into the cladding

Figure 8 shows an example of dopant diffusion of a dye chromophore into PMMA polymer.

The photographs (from left to right and down) show the core of a squarylium-doped fiber at

ever increasing contrast levels. The upper left photograph shows a small but highly doped 8pm

core and the bottom right photograph shows the broad range of diffusion in the same fiber core.

Note that image truncation and grain is an artifact of the imaging system. While graded index

profiles may be useful in some applications, a small-core step index Is best suited for high intensity

all-optical device applications.

TlI•• ,vantages of the Hoechst-Celanese material should lead to the development of high.

quality waveguides that will someday be components In an all-optical device.

a Work In Progress

We are continuing to improve the drawing process In an effart to make high-quality single-mode

polymer ibers with Hoechst.Celanese materials. Two masters students will be Involved with the

project untl the end of 1992. One of these students has been assined a masters thesis project sith
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the goal of observing third harmonic generation in the dye-chromophore-rich core region of a single

or double-mode fiber. The experimental procedure involves applying a longitudinal stress to the

fiber during the third harmonic measurements to induce a change in the optical path length which,

as a function of this length, should result in maker fringes. Such measurements will determine

the fast electronic response of the dyes in the waveguide. The second student is concentrating

on improving the guiding modes of the fiber by improving the processing conditions. An infrared

imaging system is being used under white-ligbt exposure to record the surface quality of the fiber

ends and to determine the core size. A coherent infrared source that excites a guided-mode will

be imaged with the same system. The transverse beam profile of the light in the core will be used

to determine the quality of the guided mode. The imaging apparatus is operational and the third

harmonic generation experiments are being assembled. Both experiments are expected to yield

new results by the end of 1992.
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